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' Abstract

a___;rhe_soluhlllty_oj hydrogen sulph;de and carbon d1ox1de has
‘ been measured at" 40 and 100 C in a m1xed solvent of 16 5 Wt
(2.0 M) 2- amzno 2-methy1 1-propanol (AMP) 32 2% |
tetrahydroth1ophene ‘15 1 dzoxzde (sulfolane), and 51 3%
water. The solub111ty of hydrogen sulphxde and carbon ‘_.-“ )

} d1ox1de was also measured in a chem1ca1 SOlVent of 2, 0 M ly”
'_uaqueous AMP and in pure sulfolane to permlt an assessment of.
- ugthe 1nfluence of the physzcal solvent component on- the |

"solub111ty of ac1d gases 1n mlxed am1ne solvent systemsr;

h At solutlon load1ngs 1ess than 1. mol acxd gas/mol AMé

che solubzllty Qf the ac1d gas was lower in the m1xed v»s'
“f;gfsolvent than in the correspond1ng aqueous AMP solvent. At

: 9

hsolutzon load1ngs greater than 1. mol ac1d gas/mol AMP the"

'1solub111ty ot the gases in the m1xed solvent surpassed theet

}-experxmental results are ratxonalzzed in terms of the’
h;isolvent effects on: the chemxcal reactzon and physucal

'ﬁ :vapour I1quxd equxlxbrxa. The solub111ty model of Deshmukhr;

hsolub111ty 1n the correspondxng aqueous system. The ?'5‘\hlf L[ﬁ

ufand Mather was modlfled to account for the solvent effectsfﬁﬂ S

non the equxlxbrxa. The model pred1ctxons vere\xn B

'”fg'satxsfactory agreement vxth the experxmental results. f'5>'
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' 11'. m'rnonuc'non

Acid gas 1mpur1t1es such as COz and H S occur in s1gn1f1cant

dquant1t1es in the gas streams of many 1ndustr1al processes.3
Natural gas purlfzcatlon coal gas1f1cat10n ammon1a .
manufacture, and hydrogen product1on are examples of such
processes._The nature of the process and the>acid gas.
':determlne the degree to vh1ch the 1mpur1ty must be removed
Due to. the tox1c1ty and corros:veness of H S and 1ts ablllty'
'to p01son catalysts, the removal requ1rement for st 153 |
5often Severe. For a number of 51tuatzons, CO; must also be
removed to prevent catalyst po:sonlng and to reduce the.v
quantlty of CO; actlng as a dzluent 1n the treated gas.

r.

A w1dely used method for ac1d gas removal 1s the -
'absorptzon of the aczdxc components 1nto a llquld Theijtfh‘
:a;flovsheet shown 1n Fxgure 1 outlxnes the ba51s of ac1d gas

-'removal by thxs process..The raw gas contalnlng the 1mpur1tylb
'enters the bottom of the absorptzon tower and 1s contacted
”countercurrently u1th the solvent. The treated gas ex:ts
from the top of the tower for further proce551ngr The l1qu1d’
';conta1n1ng the ac1d gas (r1ch solvent) is flashed to desorb‘

ha'the hydrocarbons, heated and fed to-the top of ‘the _»f”

o

regeneratlon column.. -reboxler heated v1th 10w pressure

vvfsteam generates vapour vhlcn contacts the llquxd proceedzng

"down the column. The vater saturated ac1d gases thch have.

’.been strxpped from solutzon are cooled to condense most of
_the water vh1ch is returned to. the column The acid gas is

_ sent on for further treatment;such as elemental sulphur
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| "recovery. The solvent vhxch has been strlpped of the soluble\"

“_gas (lean solvent) is’ cooled and fed to the top of the

'absorptxon un1t

The solvent should have several 1mportant propertles to

.

nbe consxdered for use 1n the absorpt1on process. The . solvent

N

-must have a hxgh capacxty for the ac1d gas under absorptlon»_
dxtzons but have a S1gn1f1cant1y lower capaC1ty underi

*generatlon cond1t1ons. The dlfference 1n SOlUblllty |

o betveen the two stages establlshes the c1rculat1on rate of
the solvent wh1ch 1n turn 1n£luences the equapment 51zes and-~ﬁ;

\rheat requzrements for regenerat1on Reduced heat dutles are~

o :
\also favored by a lov‘heat of desorpt1on and lov solvent

";heat capacxty. Furthermore, the solvent must have a low

vapour pressure to reduce solvent dosses and ‘a low capac1ty

S for hydrocarbons whxch if absorbed w1th the ac1d gas, may

Ce

lead to catalyst foullng 1n the sulphur recover& unlt.vfy‘v:'

The solvents for ac1d gas removal may be categorlzed 1n.‘h

h'terms of the mechan1sm of absorpt1on. The most w1dely used

are chemzcal solvents vh1ch are character;zed by 11qu1d

'phase react1ons betveen the ac1d ga and a soluble base.

'hmonoethanolam1ne (MEA) d1ethanolam1ne (DEA), and

Examples of chemzcal solvents are. aqueous solutlons of

b‘dlglycolamlne (DGA) The chem1cal reactlon allovs for a h1gh

| ,solubllxty even at lov part1al pressures. The solub111ty,

‘hfhoveVer, is 11m1ted by the st01ch1ometry of the react1on,‘

and the solutxon can not be eas11y loaded once the reactant

;'has been depleted.,



A second major group of absorbents are the thS1cal

:solvents in wh1ch absorptxon occurs strxctly by phys1cal

‘ "'d1ssolutlon.,Examples of physxcal solvents for ac1d ‘gas

, removal are methanol N methyl pyrrol1done, and propylene ‘f
carbonate._The solub111ty is approxxmately 11near w1th ‘
1_part1al pressure. Thus, these solvents have a much lower\:.~‘
'a.capaC1ty for the ac1d gases than chemlcal solvents at low
jpart1al pressures, but as they lack the sto1chxometr1c
i'llmlts, may be loaded to h1gher levels at hzgh partzal
pressures. Regeneratxon of the solvent'may be accomplxshed‘,_f
by pressure reductlon thereby reducxng the energy -ﬁ.~ B
'lfrequ1rements of . the process. An 1mportant d1sadvantage of ~‘}

f

'1-phys1cal solvents arlses from their hzgher capac1ty for

Thydrocarbons.,'h | ‘ fj
1 ‘A much smaller class of absorbents are. the mlxed t‘ :
solvents wh1ch .are comprlsed of a chemxcally reactxve

”component and a phys1cal solvent thh a h1gh capac1ty for 7fﬁh

”'f_;'the ac1d gases.f \The development of mxxed solvents arzses :ff

"“from an attempt to comb1ne the de51rable features of

' ”physxcal and chemzcal solvents. The replacement of a port1on

‘,‘._

J”.;_of the vater of the aqueous chem;cal solvent v1th a physxcal

'solvent should have tvo effects._The solubzl;ty should not

:ﬁbe severely 11m1ted by" stoxchxometry and a hxgher solubzlxty

;;ab hzgh part1a1 pressures should be realzzed Secondly, the,'5

"solvent should be more readxly regenerated ov;ng to the"’

':y‘ Aqueous chemxcal solvents may be’ class1£1ed ‘as mtxed
.‘solvents. In this study, ‘however, the term is reserved for
“mixtures contalnxng a physical solvent that has a much ‘~-.

"‘d h:gher capac1ty for ‘the aczd gases than vater. ,Q

e



' -.Jeduced heat qf desorption and heat capac1ty 9

a,:.‘,' : & : . -' . © /J’J ~.'!‘ . ! ”',-" ' .}\ .
o 4}(' B K
. Operatxng deta1ls have been outl1ned on sevetai

.

»

'1ndustrxally used m1xed solventsaah vxdely used mzxed ’7 9

solvent, Sulfxnol is composed of dxxsopropanolamlne
T ” ,
_-(chem1cal component), sulfolane (physxcal solvent), and

PR

]

-ewater. (Dunn et al., 1964) The Amxsol process (Bratzler and
. _ A »

f‘boerges, 1974) uses a mxxed solvent of MEA or DEA (chem1cal
;'component) methanol (physxcal solvent), water, and an, |
)unspec1£1ed addztlve. Solub111ty data for these solvents
have not been released o R

The solubzlxty of CO; a h H S 1n physxcal and chem1cal :

ssolvents has been 1nvest1gate .over a wxde range of

temperatures and part1al press'res. Fev exper1mental
h”fstudxes, however, have been re rted on the solubxlzty of =
€Oz and H,S in m1xed solvents. ‘S ch data are requ:red to
f-assess the feas1b111ty of apply1ng m1xed solvents in

'~_processes currently using chem1cal or phys1cal solvents.,The_"

”'"‘object1ve of thls study vas to prov;de solubllxty data on a .

d”'mxxed solvent system at typzcal absorpt1on and regenerath
':temperatures and over: ‘a vxde rangl ‘of partxal pressures. Thehf

mxxed solvent studzed vas composed o‘ an amxne, .

-

."Z—am1no-2-methy1 1-propanol (AMP) a;phys:cal solvent,

di-tetrahydrothxophene 1, ? d1oxxde (sulfo&ane) and vater.i
s.tAqueobs AMP has been recently reported to have 1mportant

- dvantages over the more trad1t1ona1 am1nes. The solub111ty

E tlxn an aqueous solutxon bf AMP and 1n pure sulfolane vas also -

Jo

',measured to perm1t an evaluat1on of the 1nf1uence of the



a

'physxcal solvent component in. the mxxed system.

: Background xnformatxon on Fhe solubxlxty of ac1d gaseser

'1xn chemxcal phys1cal, and mxxed solvents 1s outlxned 1n

,,fcnapter 2. Cnapter 3 presents

dey“rrptlon—of—the
"_experzmental procedures used to obtain the data
i Experxmental results are presented and dxscus5ed in Chapter:

" 4. A model used to correlate the solubllxty data and to

‘-predxct solubxlxty under dxfferent condxtxons is. descrxbed'f -

and dxscussed 1n Chapter 5. Fxnally,'the conclus1ons vhxch'
_”may be drawn from the results of the solub111ty exper1ment§

‘ﬁ}'and.correlatzve.model-are»summarxzed‘;n'Chapcer 6._;



' 2. GENERAL BACKGROUND &

2 1 Ther-odyna-xcs and Che-xstry of Acxd Gas Absorptxon

-+———————Equ111br1&—4nvolvxng physacal_and_chemxcaﬁ_solvents_may

be represented as"_~

- L . vl

S I
A A+ B = fions .

ﬂphysica]'soivéh;ie‘ _ }f'oheﬁioalpsoiv pt‘:

For the physxcal solvent, only the vapour 11quxd o
o equ111br1um for. the molecular spec1es A need be conszdered L

At equ111br1um, the fugac1ty of A in the vapour and 11qu1d
phases are: equal- . ~-7’"f Q‘T»
S T ey

i The fugac;ty of a component 1n the vapour is most commonly

‘:f expressed 1n the form of Equat:on (2 2)

“TbefliqpidiphesepfoéecitY»ﬁey»he:vrittenwee:ir;v”‘

c‘

"‘f.’f -

eF rpe;%#K%&J,Twpefppo@__



‘g'The Henry's constant, H,-is definedﬁasi“ﬁ.

M = dim

L

;The exponentxal term 1n Equat1on (2 3),»the Poyntxng

tcorrectxon factor, accounts for the effect of pressure on
"thhe l1quid pnase fugacxty and may be neglected except at
7_,hzgh pressures. . ‘_' o " S ,’ “
Substxtutxng Equatlons (2 2) and (2 3) for the fugacxty;;

't>31n Equat1on (2 1) ylelds.:,f

vqu the assumptxons of 1deal gas and 1dea1 solutzon are made;;ﬁll‘

‘-‘

r Equat1on (2 4) S1mpl1f1es to'-‘f,"f.ffl', ;ﬁgff,slf,'

L

ffThus the part1a1 pressure of A w1ll vary approx1mately |
»f'lfnearly vxth 11qu1d molalzty.}- o : ,,} " v _'
The thermodynam1cs of the chem1ca1 solvent system 1s
::more compyex As 1n the phys:cal solvent phy51cal o

_,”equflxbr1um exzsts between the phases for the molecular

E component Chem;cal eqU111br1um must also be con51dered for_’;

}~each lzqu1d phase react1on._The ovetall reactxon betveen an

-?am1ne and H;S may be vrztten as.:'7'



HiS + RNH; = CHST ¢ RNH;t T (2.6)

7TwoLoveféllTreactiohs forfcogoméy beﬁw;itteh:"

_ RNH, + co,' + H,o = RNH,‘,_'Q x-lco3 2.
" cOp + 2RNH; = RNHCOO" + RNH, S (208)
"Tert1ary amlnes do not form carbamates (RNHCOO ) and react
';Hlth co, by Equat1on (2 7) alone.- 3 L :
The chemzcal equ1l1br1um for the general reapt1on~-{

TaA 4+ BB = G+ dd . . (29

p

emsy*beveipfessedoés"f.if

l' B S
ookl
Si]

The quzllbt1um favors the’@ormatlon of the 1on1c;tlf”“

. “fie(é;jO)::. ;L

‘5‘spec1es. In solutxons of excess amzne, only a small port1on ,Qf‘e=

-f:of the ac1d gas absorhed 1s ptesent as the molecular

':? spec1es, and thus the partial pressure above the solutxon 1s

~.{31°' At 8 load1ng °f 1 m°1/“'°1 am;ne, the concenttat1on of ff7i'“

ff?und1ssoc1ated amxne 1s lov and the part1a1 ptessure r1ses

'ferap1d1y as the molalzxy of the molecular speczes xncreases.‘,;ffa

'-fBeyond th1s stoxchxometrlc poxnt, only a small fract1on of ‘7ff
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v,the ac1d gas absorbed reacts, and the system behaves l1ke -

-the phy51ca1 solvent._:rb’ IR

. Cpn51deratlon of the two react1ons for COz absorptxon T

1nd1cates that the formatlon of a stable carbamate would .

f11m1t the max1mum load1ng to 0 5 mol/mol am1ne._Pr1mary ‘and
ksecondary am1nes such as MEA and DEA do exh1b1t a reluctancel”
to load up beyond th1s po1nt although h1gh load1ngs are ;h;pr'
tobserved at h1gh pressures.‘A stozch10metr1c l1m1t of 1 -
ﬁmol/mol am1ne 1s p0551b1e for tertlary am1nes such as MDEA
hwh1ch do not form carbamates. The absorpt1on rates,_however;{
rfor these am1nes are low, thus 11m1t1ng the1r 1ndustr1al
?1mportance. Sartor1 and Savage (1982) have recently reported
i{on the use of a sterzcally h1ndered prlmary amlne,;f,]lgfhh
72 am1no-2-methy1 1 propanol (AMP) for absorptlon of‘COzr By
jplac1ng a bulky group next to the 1trogen,vthe carbamate‘1s
fdestablllaed and the max1mum st01chlometr1c loadlng may be »Fk

drea11zed *fLw:ﬂ"'

12 2 therature Survey

In contrast to the large number of stUdles on the o

,fsolub111ty of ac1d gases 1n aqueous amlne solut1ons,_flﬁj;_ffv”"’

vex"rxmental studzes have been reported for mlxed solvent

;syst Be Furthermore, the studzes wh1ch have 1nvest1gated

:mlxed solvents have often been restr1cted to a narrow R

fpressure and temperature range.iiwﬁ?ﬁ}lﬁ'-*

Several authors have reported on the solub111ty of ac1d

;gases 1n nonaqueous mzxtures of amxnes and organ1c solvents. -Jf“rff
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Le1tes et al (1972) measured the solub1l1ty of co, t 20°C

‘*and partlal pressures less than 100 kPa 1n solutlons of MEA'*_"

'<(2 5 M) and var1ous organ1c solvents. All mlxed solvents3

'Htexamlned exhxblted a lower capac1ty for €Oz than the -

Tf,correspond1ng 2 5 M aqueous solut:on of MEA. Of the systems‘V
7]exam1ned the MEA-methanol m1xture y1elded the hlghest ‘
vf»capac1ty for CO;.,Thls reduced capac1ty@of the: nonaqueouS‘ .
7ddm1xed solvent at loJ parﬂ1a1 pressures was 1ater conf1rmed .

| by . R1vas (1978) who measured ac1d gas solub111ty 1nv5'*
ffdnonaqueous mlxtures of Sulfolane, propylene carbonate, and
h;lN-methyl pyrrolldone w1th MEA and DGA.»m _ v " - I
L At h1gher partlal pressures, the solub111ty in the'-f.
H;.nonaqueous m1xed solvent has been observed to be greater.';;,*'

fthan the correspondlng aqueous system.:Banas1ak (1981) d;¢‘¥~"'

1¥measured the solub111ty of coz 1n 15 wt % MEA and 85%

dQ;methanol at 30 C and partlal pressures from 225 kPa to 325

fﬂﬁkpa. Under these cond1t1ons, the solub1l1ty 1n the mlxed
h'3solvent 1s approx1mately 25% h1gher than 1n an aqueous
”f”solut1on of 15% MEA l | - fl

Several 1nvestlgat1ons on three component solutlons

hagcon51st1ng of an am1ne, a- phys1cal solvent, and water have

wf}also been reported WOeth (1972) presented results for a;.?;nfﬁf

h;?ser1es of m1xtures at 27°C and part1al pressures from 425 to

'f}67p kPa. The am1nes examxned MEA DEA and DIPA, were held ;ﬁff';

?»lat a constant concentratron of 1 5 M._The solub111ty of CO,
‘7g1n blends of MEA, water (3 10% by volume), and e1ther '

lfidxmethyl formamzde, methyl pyrrolzdone,.or d1ethylene glycol

e
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was greater than in the correspond1ng aqueous solutions.
L

‘.M1xtures w1th other physical solvents such as sulfolane,~
{

A

. dimethyl ethers of d1ethylene and tr1ethylene glycol, and

- methyl carbltol exh1b1ted a lower capac1ty for CO.. ThlS

ln,could not be accurately assessed

vﬁreduced solublllty in the m1xed solvent was even more
apparent for DIPA No explanat1on for thls decreased
~Jsolub1l1ty was proposed ‘ .
~ The’ solub1l1ty of €O, in m1xtures of MEA, 5ulfolane,
;damb water at 30°C and part1a1 pressures less ‘than’ 100 kPa
-pwas measured by Yushko at al (1973) The. MEA concentrat1on
__was ma1nta1ned atv2 5 M wh11e the‘sulfolane content varled
-from 0 to 84 wt %. ‘The SOlUblllty of COz decreased as the
-bhsulfolane content of the solvent 1ncreased Th1s trend at
'tlow pressures was also observed by D1mov et al (1976) for
mlxtures -of MEA, water, and ethylene glycol or N methyl L
Jrjpyrrolldone. ;_ | f. S . |
p‘ _' ‘The solublllty of COz and H 2 S at 40 and 100 C in a
v”dSulf1nol solut1on (40 wt.,% DIPA 40% sulfolane, and 20%
lwater) was. measured by Isaacs et al (1977) at partlal
'}ﬂpressures from 2 4 to 5700 kPa._Solub1l1ty data for an'
-Haqueous solutlon of DIPA w1th the ‘same. concentratlon wered

o

'not reported _and. therefore, the 1nf1uence of the solvent
Several general1zat1ons on the solub111ty of ac1d gases

in: mlxed solvents may. be- drawn from th1s SUfVEYs At. low

7ppart1al pressures (less than 100 kPa), the replacement of

I

“iSome or all of the water by a phy51ca1 solvent appears to.
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|
, .

. |‘ ) D . ."‘ o . 3 ‘ . ' . ‘.. ‘
reduce the solubility of the acid gases. This reduction

-

increases as the water'content.décreiﬁes. At higher

pressures, certa1n physzcal solvents, such as- methanol
enhance the capac1ty for ‘CO, or H,S. Data on the solublllty
in mixed and correspondzng agueous sofvents over a w1de¢.

’

range ‘of pressures are lacking. .



3. EXPERIMENTAL PROCEDURES

T30 1 Survey of Experxmental Hethods
The solublllty of COz‘and H S in’ am1ne solutlons has
been determined experlmentally by numerous methods. These.;.
methods generally 1nvolve contact1ng the ac1d ‘gas w1th the ‘4.;
llqu1d at constant temperature unt1l equ111br1um has’ been
reached ‘at vh1ch‘po1nt the vapour and llqu1d phases are
'analyzed..The experlmental methods differ in the manner in
vhlch the phases are contacted and in the analytlcal method
7employed The ch01ce of exper1mental method is often
:'determlnEd by the range of ac1d gas partlal pressure for
.vh1ch the solublllty data are " de51red
The solub111ty 1n aqueous amlne solutlons for a wlde‘
prange of ac1d gas partlal pressure ;/y be determlned by
fbr1ng1ng the vapour and lquid phases to equ111br1um ina.
‘statlc equzllbrlum cell. The cells are f1tted with l;qu1d

and vapour sample l1nes, and the cell pressure 1s

contlnuously monltored Eqlelbr1um is 1nd1cated when a
[

’constant cell pressure is observed. : ¢
| \A rock1ng autoclave cell contalned 1n a l1qu1d constant
temperature bath was used by Jones et al (1959) and Lawson
and Garst (1976) in therr determ1nat1on of the solublllty of
ac1d gases in MEA and DEA. Reed and WOod (1941) used a
*‘stlrred autoclave to saturate MEA and DEA solut1ons wlth

rco,.,The large 1nterna1 volume of these cells allows for

large flu;d samples to;bevtaken and hence permxts.



15

determination'of the solubility at very low-partial"

:pressures. An equ111br1um cell comprlsed of a stainless
-—»;steel—cyllndengf1tted_w1th a— magnetlc stlrrerewas_used by_
v-; Lee et al. (1972). | o | “

A dlsadvantage ‘of the these cells arlses from the
1nab111ty to v1sualry observe the f1u1d phases and to detect
»llQUld phase 1mm1sc1b111ty An 1mprovement in the de51gn -of
hthe apparatus was outlined by. Lee et al. (1973) who used a .

B v1sual equ111br1um cell cons1st1ng of a Jerguson gauge '
ﬁhconnected to a 250 cm’ vapour reservo1r. A magnetlc pump was -
Aused to rec1rculate the vapour from the gas reserv01r back j'_
;through the 11qu1d in the cell ThlS apparatus was Judged to _
.,be most su1tab1e for the purposes of thlS study. Other" ' |
hexper1mental equlpment reported in the llterature,-such as
“the gas flow apparatus descrlbed by Na51r and Mather (1977)
u,are unsu1table for thls study as they are llmlted to’ '
"-pressures lower than 100 kPa. | o
: The selectlon of the analytlcal method may nov be

- consxdered ‘Lawson and Garst and Jones et al. analyzed the

vapour phase, wh1ch had been sampled into an evacuated bomb; vﬂ

’dby mass spectrometry Lee et al (1972) sampled the vapour
bphase d1rectly 1nto the sample loop of a gas chromatograph
;Thls method of ana1y51s was adopted ;n th1s study.vIn both

Q methods, the results are reported 1n mole percent on a

' vater free ba51s- thus an. estlmate of the water part1a1

pressure over the am;ne/water;solutlony1s requ1red. :

—
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-
Several analytlcal methods for the determ1nat1on of the

‘vac1d gas concentratlon in the 11qu1d phase have been

.

SN

outl1ned The most common method of analy51s for CO, 1s to .

ac1d1fy the 11qu1d sample and measure the amount of co,
~which is evolved. Reed and Wood and Lee et al. (1972) -
}measured-theﬁamount evoIved by accurately‘determiningfthe .
»_vapour volume and from PVT data, calculatlng the. equ1valent‘
mass of CO;. Mason and Dodge (1936) Jones et al., and |
hLawson and Garst adsorbed the COz onto a select1ve‘- |

adsorbent. The mass of Coz‘evolved was determlned by

‘ihrewelghlng the adsorbent mater1a1

) uArmore d1rect method of ana1y51s for CO,, descrlbed byv,
d’Johbet al. (1982) was selected for thlS study.,The llquld
h‘samoie was w1thdrawn from the cell and 1njected 1nto an:
-,‘exeess of sodlum hydroxzde solutlon. The amount of carbonate
in’ the sample was determ1ned by addlng a solutzon of BaClz,r”

'%and precxpxtat1ng the carbonate as: BaCO,.<

Batt o CO,=2 = raat:o, et e (3. Yo

: The prec1p1tate was analyzed by t1trat1ng w1th standard
,vac1d._' | v | ' B

Hydrogen sulph1de has been ‘most commonly analyzed by

1od1metr1c techn1ques. An allquot sample 1s added to an_
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_ac1d1f1ed solutlon of excess 1od1ne The~reactlon'hay be

' frepresented as:

The unreacted 1od1ne is determlnedlby t1trat1ng w1th -
- thxosulphate.- | -

4

2870577 + 157 = S.0¢" + 310 o - (3.4)

By’ know1ng the amount of 1od1ne whlch reacts, the amount of )

’U’sulph1de 1n the sample may be calculated

:- 3 2 Descr1pt10n of Experxnental Apparatus-h

The equlpment permltted solubzllty measurements to'be
'htaken at ac1d gas part1al pressures from 1 to 7000 kPa and
temperatures from 25 to 130 C_ A schemat1c d1agram of the '%"“

o \ & : .
o apparatus 1s shown in- F1gure 2 The llquzd and vapour phases 3

 “were brought to equ111br1um 1n a wlndoved Jerguson cell Thefu‘.?f

,r‘cell had an- 1nternal volume of approxlmately 75 cm' and a,_',l”v”h

'_fmaxzmum pressure rat1ng of 7000 kPa at 40° C Pyrex w1ndows e
‘ lwere sealed to the metal surface by asbestos gaskets. A 250
hhcm’ cylxndrlcal reservo1r was attached to the top of the -
‘{cell to: 1ncrease the mass of vapour 1n equ1l1br1um thh the
'fﬂSolvent.:'i"‘“ | o
The vapour from the reservo1r was rec1rculated through .

“ the solvent by a magnet1cally drlven pump devxsed by Ruska
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"gfet al (1970) A free p1ston, f1tted with a check valve and |
’fluxd passages, moved up and down w1th1n the cyl1nder ‘

through the act1on of a. magnet1c sleeve. The sleeve was

.drlven by ao. 25 hp Boston Gear motor through a connect1ng
rod. The pump dxscharged on the upstroke of the p1ston :

'.transport1ng the vapour. from the reservo1r to the. bottom of

V:_the equ1l1br1um cell The pump was connected to the_

Treservo1r and equ1l1br1um cell by 1/8 1n (3.18 mm) OD type
T316 sta1n1ess steel tub1ng. '7;' ‘ | ,f“

Wlth the except1on of the pump plston, all mater1als 1n'

?'contact with the flu1d were manufactured from type 316

- vsta1n1ess steel The pzston was made from Carpenter 450

steel as’ it must be ferromagnet1c.rThe cell and pump ‘were i}
"housed in a 0. 4 m® air bath maxnta1ned at :0 1°C of the con

‘setpo1nt temperature by a Thermo Electrxc temperature

__controller. The heater was comprlsed of ‘a ser1es of

. i
"electrrcally heated f1ns wh1ch allowed for measurements to-

' =l .
be obtaxned to 130°C The a1r bath was also prov1ded w1th a

kcopper cool1ng c011 through &h1ch cold water czrculated thus
: “vperm1tt1ng solub1l1ty measurements to 25°C.-The a1r w1th1n _»'
'g(<the bath was mlxed by a blade fan. R VA .' _
- The temperature of the fluxd w1th1n the cell. was vlf |
»monltored by a ca11brated 1ron-constantan thermocouple.whzch‘p
'lextended through the cell 1nto the f1u1d. The thermocouple'ﬁ

'.was callbrated agalnst a Leeds and Northrup plat1num

'fre51stance thermometer 1n the temperature range of 1nterest.ﬁ.d

p'A ‘Leeds and Northrup potentzometer was used to measure the B



thermocouple output.. »
H1gh cell fIUId pressure was measured by a 0 to 10 000

kPa dzg1ta1 He1se gauge. At low pressures,, O'to 1.000 kPa .

_ dlgxtal Hexse gauge was used The accuracy of both/gauges
| ‘was rated at tb 1% of the full scale span and was checked
w;th a Ruska 2400 HL dead welght tester. The gauges were

connected to. the Jerguson cell by 1/8 in (3 18 mm)é?

stalnless steel tub1ng._“

7 The gas and liguid sample llnes vere sta1n1ess steel

tubes of. ‘/16 in (1 59 'mm) OD. The gas Sample line extended L

from the reservo1r to a valve external to the air bath A
tube extended from the outlet of the valve to’ the sample
loop of the gas chromatograph._The 11qu1d sample lzne led
from a port 5 cm from the base of the cell to a needle valve'
located out51de of the air bath e N

Due to 1ts extreme toxicxty, st must not be vented

d1rectly to the atmosphere. An absorpt1on tra1n compr1sed of‘l

l two 2 11tre glass vessels contaanxng 6 M sod1um hydroxxde'iff -

removed the H,s from the gas whxch had been released from :
the apparatus. The effluent from the absorpt1on tra1n was.~

- ' : - - ” ," L R

- vented to ‘a fume hood S ,;.f./f'
r7‘f3;3“3x5§2i§g§;51ftgoceauge“

;1 3 3.1 Estahl:shnent of aquxlrbrxuh
The apparatus uas brought to the des1red temperature'

and purged for 1 hour to remove traces of oxygen.r
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' Appro}imately 50 cm? of the'solvent’waS‘fed'by gravity to
‘the equ111br1um cell ' CO; or H S was added’ to the . cell

through the gas 1nlet valve to an amount mon1tored by the

pressure gauge.

.As‘the'vapour rec1rculated through the solvent the ac1d gas-;

.. < was absorbed into the solvent and the system pressure

decreased as equ111br1um was approached. Add1t1ona1 amounts
of ac1d gas vere added unt11 the des1red part1al pressure |
h had been approx1mately obta1ned. If necessary, n1trogen was:
1-added to ma1nta1n the system pressure above 350 kPa.,_f@ :
'i The vapour ‘was reczrculated untxl the pressure remalned '
.'constant for severfl hours thus 1nd1cat1ng|the establlshment
'ffof equ111br1um. The perxod of t1me necessary to reach
equ111br1um decreased w1th an 1ncrease in temperature and
'solut1on loadzng.‘The equ111brat1on tzme was also greater

-

for absorpt1on in the Systems conta1n1ng the amlne than in' S

),.pure sulfolane._;-

Equ111br1um may be approached by addlng ac1d gas to an
undersaturated solutxon .as descr1bed above, or by desorbzng

the gas from a supersaturated solutlon by pressure

r-yreductlon. Solub111ty measurements were obta1ned by both .

';4lmethods for all cases except the mzxed and aqueous AMP *~‘f
solutzons at 100°C. In these cases, gas vas not released so,"
. as to prevent water loss from the solutlon.;i" '

When equ1l1br1um had been reached the pump was stopped

‘”1‘and the cell pressure and temperature and barometrlc

o

- pressure recorded. The vapour and 11qu1d phases vere then
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lanalyzeda

S 3. 3 2 Vapour phase analysxs

v xne—anaIYSTs—was—carrtedrout—us1ng—a model—5710n
a?Hewlett Packard gas chromatograph The operatlng cond1t1ons

were°

E-columu‘temperature;', u95e?Cv(CO;‘analysis)_f.“
| 110° °C (H,S analysis)

~detector temperature~‘t150 °C

;-sample loop volume..._po 50 cm’ ’ _
column d1mens1ons. 00 ft (3 0 m) X 1/4 in (6.35 mm) OD
ﬂcolumn packzng._-i~g:‘580 100 mesh Chromosorb 104 |

'tector current.lﬁf,f’100 140 mA

';:~carr1er'gasaflou:;l e 30.cma/m1n Hef g

Sy

| \

o | The ‘gas: sample lxneuand sample loop were 1n1t1a11y
flushed by releaszng a small port1on of the equ1l1br1um
1’vapour. The cell pressure generally dropped 5 to 10 kPa
llldurlng th1s step. An e1ght port Valco gas samplzng valve was
A~'then used to 1n3ect the sample loop contents 1nto the )
chromatograph column The relat1ve amounts ‘of the separated
"dgases uere measured usxng a thermal conduct1v1ty detector._'
‘H:The response from the detector vas transmxtted to a model .

!3380A Hewlett/ﬁackard 1ntegrator and the results reported 1n
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terms of percent peak area.
' Response factors were determlned from the analys1s of
gas m1xtures of CO, and H, S wlth nxtrogen. Deta1ls on the‘:;h
-f——calculataon—of—the—response—factors are—out11ned—an Appendxx
"';1; Us1ng the values for the response factor and areai'y
percentage, the mole percentage of the aczq?gas on a ELf
E water free bas1s was determ1ned N R
g _ L
The part1a1 pressure of the water over the aqueous and

m1xed AMP solut1ons was calculated by assum1ng Raoult s lawi‘

: for the vapour l1qu1d equ111br1um{h

s
A sample calculatxon of.the determ1natlon of the acxd :
gas partxal pressure from measured quant1t1es 1s shown 1n
Appendlx 2. o o o el
3 3. 3 quuxd phase analysxs » |
h‘ﬁ The 11qu1d sample vas w1thdravn from the equ111br1umlc;hi
cell 1nto a vessel conta1n1ng a solutlon of 1 M sodlum
hydroxzde, thus convertlng the free CO, and st to the f'
‘d_xnvolat11e 1on1c spec1es..At hxgh loadlngs of co,, the':rﬂ
"ereact1on rate was not great enough to prevent a. pressure};
buzldup above the caust1c solutzon. Thus, a 40 cm’ hzgh
pressure sample bomb contalnxng the sodlum hydrox1de was
used for the samplzng of solutlans contaznrng co, at part1al
pressures over 1000 kPa. The 11qu1d sample valve vas N

y

lﬁfhfﬁéfxw‘h:.Jf5;;1f’_)ff'fh5.(3;5ﬁf,~-'
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connected to a tube wh1ch extended through the flttxng 1n
the stem to a poxnt near the bottom of the cyl1nder. A 50
cm’ Erlenmeyer flask fltted w1th a rubber septum served as a&f

coﬁlect1on vessel for the sampllng of CO: at oartxal

pressures less than 1000 kPa and for the sampl1ng of

'“"solutlons conta1n1ng H S.,.ffﬁfﬁ'~"ﬁ’a o :ff‘j[' '“ILff'ﬁ |

} The collectxon vessel was velghed to the nearest 0.1 mg'iﬂ

.

X hydroxxde was added to the vessel and the vessel rewe1ghed

‘About two cm’ of the equllzbrlum l1qu1d ‘was wlthdrawn from
lfthe cell and flushed through the sample llnes. The end of .

'fjthe sample l1ne was then pushed through the rubber septum faxn

‘i1nto the caustxc solut1on 1n the flask or for the cases

:1on an analyt1cal balance.vApproxlmately 35 cm’ of 1 M sodlum“b,:’

liinoted prevzously,_the 11ne was attached to the hxgh pressure7ff?f

d; sample bomb As the collectlon vessel was agltated the

HITneedle valve Las opened sl1ghtly and the 11qu1d sample

u{,allowed to flow 1nto the caustxc solutlon. The volume of the{ﬁ.ﬁ'“

e

filzqu1d sample taken depended upon the load1ng 1n thef":
:w;ls°1“t1°" and ranged from 2 to 8 cm’* The vessel was |

“'rewe1ghed to obta1n the mass of sample collected The

//gontents of the vessel were transferred quantztatzvely to a’ ;ff**

d’

100 cm’ volumetr1c flask and dlluted to the f1duc1al mark;:';yﬁ

A11quot samples from 5 to 25 cm’ were used for the f,ﬁ];ﬂffﬁfhﬂfm]

'?_determxnat1on of the carbonate or sulphzde concentratzons;fﬁ?iﬁ?’

fH;S analys1s ;},}gg,jv'~,1;;f4;,;gagy_;lgj;];-ghgiw:nwffftf

7171To a 250 cm‘ flask were added 5 to 10 cm’dof 5 N Hgso.,_sol.i:'

f’cm’ of dlst111ed water, and a p1petted volume-of 0 100 N el

L
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1od1ne. Typlcally, 20 to 25 cm’ of 1od1ne were used An'_

“,'allquot sample of the ba51c sulph1de solut1on was added wlthf

'r}st1rr1ng to the 1odlne solut1on. The t1p of the plpette was .

~_Tplaced d1rect1y 1nto the 1od1ne solut1on to prevent the loss;'”

'f;of st The volume of the a11quot sample was chosen such

‘\

‘g'that the 1od1ne would be present 1n excess. The solutlon was

lh‘then t1trated w1th standard 0 100 N sod1um th1osulphate‘ejd};.

,Tuntll the solut1on had turned pale yellov. Several drops of"ig

7‘CSz and starch 1nd1cator were added At th1s p01nt the CSz_.‘

'V;phase 1n the solutzon was p1nk and the bulk of the solut1onlﬁf'

‘fwas blue due to the presence of unreacted 1od1ne..The -7*‘_.5"

:tltrat1on was cont1nued w1th v1gorous st1rr1ng untll the

f{ blue and p1nk colors had d1sappeared..;.

A sample calculat1on of the determ1nat10n of H S 1n the['

Hjc11qu1d is. outllned 1n Append1x 2 ]af,‘[g;“;if};!*-

';f~COz analy51s:ﬂst[1]

An alzquot sample was p1petted 1nto a 250 cm=_gv€{5f

’s;fErlenmeyer flask Approx1mate1y 50 cm’ of 1 M BaClz was

{f}added and the flask stoppered and allowed to stand for at

Vableast 12 hours. The bar1um carbonate prec1p1tate was

Qr,f11tered u51ng #6 Whatman paper and a 75 mm.glass funnel

'”'Durxng the f;ltratlon, the funnel was covered w1th a glass;ﬁf"”'

Tﬁfvatchglass to prevent co, absorpt1on from the atmosphere:?:hef”

: _flnto the solutlon. The prec1p1tate was washed w1th d1st111ed5ffg3~

iﬂywater untxl the pH of the letrate was approxzmately 5 9 as:-gh7*'

'Lflndzcated by Duotest pH paper. Generally, th1s reqplred 250:_

_vf;to 300 cm‘ of water. The prec1p1tate and f1lter paper were fej*\:”

R
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transferred to a 250 cm’ Erlenmeyer flask containing 50 cm?
of distilled water.'The‘filter pap§T was shredded with a
mmagnetlc st1rr1ng bar. Flve drops of methyl orange xylene

"_cyanol 1nd1cator were added and the suspen51on t1trated w1th

~.fstandard 0 100 N HCl to ‘a‘grey green endpoint.

;a,;; ’ A sample calculatlon of the determ1natlon of coz 1n a
lzquxd sample is outl1ned in Appendlx 2. |

' :Amlne analgsls :

‘TEA 20 cm’ allquot sample of the amine solutlon was plpetted
t1nto a 250 cm’ Erlenmeyer flask Several drops of methyl red
_ 31nd1cator ‘and 100 cmJ of water were. added The solut1on was
lmtltrated w1th standard 1 00 N HCl to a l1ght p1nk endp01nt
'}fThe am1ne concentratlons are reported at . 23 C._'
:'3 3.4 Mater1als l
_ | _ The aqueouslam1ne solutlons.were prepared from o
"agdlstllled water and practlcal grade AMP (98% purlty) |
jffsupplled by Matheson, Coleman, and Bell The sulfolane,
Jkﬁsupplled by Aldr1ch had a pur1ty of 99% Both chemlcals c
livere used w1thout.pur1thatlon. A :

The M sodlum hydrox1de solutlon was prepared from co

m'.reagent grade sodlum hydroxlde and degassed dlstzlled water._frr"

vg;The carbonate content was determ1ned to be 2 0 x 10“ moles

-:icarbonate per gram of‘solut1onp Certlfled standard solutlons
”_of hydrochlor1c ac1d sodlum th1osulphate, and 1od1ne were L
:;used 1n the t1tratlons. The bar1um solut1on was prepared '

Tafrom commerc1ally puf1f1ed bar1um.chlor1de and dlstllled
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water. The solution was'filtered prior to use.

The N,, CO,, and H,S gases were supplied by Matheson

27

and had purities of 99.99%, 99.9%, and 99.5% respectively.



4. EXPERIMENTAL RESULTS AND n15cussxbul-‘

4 1 Prel1m1nary Results

The equ111br1um solub1l1ty of CO; .in 3 0 M aqueous AMP '

W3

‘solut1on was measured at 40°C to prov1de a comparlson with .
:the values dbta1ned.by Sartori and Savage. The;data,~
eﬁpressed in:terms of moles’Coz per mole AMP'(a) at a
~spec1f1ed partlal pressure (kPa), are shown in Table 1 and

plotted in . Flgure 3. The results are’ in’ good agreement ‘with
‘ S o
‘the}prev;ous study.

PO

Table 1.

Solublllty of COz in 3 0 M Aqueous AMP at 40 C 7

‘:====

a (mol CO; / mol AMP) o P (kPa)
0.404 o - 1.25
0.564 : 2,79
- 0,604 o T 3,58
0.728 . . S T 12,8,
0.769 s S . 19.0
0.786 - . , -~ 15.6
0.818 . : 22,5
- 0.835 .~ . . '36.6
C - 0.919 S 99,5
\ . 0.948 T S 144,
oo or0.9600 0 o T T 0 359,

°0.982 216,

Complex phase behav1our was observed durlng the'v"

idprellmlnary study of the solublllty of CO; in mlxed AMP
solutions. A whlte solld phase formed in. solut1ons of hzgh
"sulfolane or AMP concentratlons. Several solut1ons with

| varylng amounts of AMP and sulfolane vere tested for this

28
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';formationﬁat‘40°c and a‘partial preSSure of 5500 kPa. The .

results are shown in Table 2.

Table 2

:t Solld Format1on 1n M1xed Solvent ‘at. 40 C and 5500 kPa

Q - 1

L. L. .

- _AMP - weight.%‘_ “weight % 'phaSes,observed
- molarity .. AMP-~ . -sulfolane . . . - '
1.0 L 11,6 - 65.8 .. . solid/liquid
1,50 00 ¢ 12.8. 19.9° S liquid o
"1.50 . 12,02 43.9. . - liquid . S
. 1,55 Co12.4 . 49.0 - solid/liquid
- 2.00 . 16.5 "32.2 . liquia -
2.06 -~ 17,0 - 36.7 - ‘ ,‘solld/lquId'-m
2.25 - - 18.8 1 29.2 - - - - liquid’ L
- 2.58 : o2t.7 - 31.4 o sol1d/l1qu1d
3:.00 - 24.4 - -37.8 - solid/liquid

3.00 . 25.4 . 24.8 _ selid/liquid

Heatlng the solutlon to 70 C caused the solld phase to
:dlsappear. The SOlld was relatlvely stable and could be
1removed from the, equ111br1um cell and- kept at room _"'
"cond1txons for several ‘minutes. The sol1d phase was soluble:b
;1n water and addltlon of aqueous BaClz to th1s solut1on

ylelded a prec1p1tate 1nd1cat1ng the presence of carbonate
' T1trat1on of ‘the- f11trate w1th HCl 1nd1cated the presence of
kVAMP The solld phase was only sllghtly soluble in: sulfolane,

These observatlons may be explalned by con51der1ng the
- soiid to be an am1ne carbonate salt.‘The salt 1s soluble in
b:aqueous systems but is less soluble as the sulfolane 1s‘

- added. From this 1t follows that’ the p0551b111ty of SOlld
'format1on would 1ncrease as. the concentratlon of the am1ne - "

-or CO, load1ng 1ncreases and the water content decreases. R
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‘This is in accordance wlth the experxmental observatlons. '

Based upon these prel1m1nary results, a mlxed solutlon

———of—JGrs_ut_% AMEmiZ 0_ er_32 2% sulfolane and_54-3%_uater

‘was selected for the solub111ty study

»

4 2 Experxmental Results .
The equ111br1um SOlUblllty of CO, and st was‘measured
in‘the mlxed solvent *in a. 2. 0 M-aqueous AMP solutlon,-and
.1n sulfolane at 40 and 100 "C. The solublllty of H, S in the
m1xed solvent at 40 C could be determ1ned only to “'
approxlmately 1600 kPa. A second 11qu1d phase formed at:lsd
hlgher H S. part1al pressures. The results for the mlxed and f
aqueous solvents are expressed 1n terms of moles ac1d gas
absorbed per mole. AMP (a) The results for the solub111ty in
'_sulfolane are expressed in mole fract1on ac1d gas 1n the

11qu1d Thﬁ data are shown in Tables 3 to 8

’:”“f As the m1xed and aqueous solvent have ‘the same

o concentratlon of AMP the 1nfluence of the physxcal solvent,jf%” )

7'can be assessed by a d1rect compar1son of the solub1l1ty

curves wh1ch are shown 1n F1gures 4 and 5. The solub1l1ty of:ff'

‘ co, and H S at 40 C 1s s1gn1f1cantly lower 1n the m1xed

solvent than 1n the aqueous solvent at ac1d gas partlal
pressures less thaﬂ 10 kPa. As the part1a1 pressure
1ncreases,‘the dlfference in the solub1l1ty decreases untzl’
‘at a load1ng of approx1mately 1 mol/mol AMP the . '
solub111t1es are essentlally 1dent1cal At. h1gher partxal "

pressures, the solub111ty is greater in the mxxed solvent.

o " . ) : P 4



- Table 3

Solub111ty of CO, at 40 °C and 100 °C 1n
. 2.0M™ AQueous AMP ,

40 °C.

100 °c

":p (kPa)

P (kPa)

0.493
0.732 -

0.742

0.916°
0;952

1.008

-"1.042

- 1.059
1.084

1.128°
1.190"

1.325

2.17
9.58 -
10.6.

44.5:

- 95.4
266. .

640,
e 65_3'.‘

- 1140.

1800.

- 2680,

'5740..

8.53

. 16.2
.35.3
73.2°
172,
466.

- 551,
 48860
1330.

1960.
3530.

- 5870.

Table 4

L SOIubllxty of co, at 40 °c and 100 °C 1n
" . 2.0 M Mixed Solvent

P (kPa)

P (upa)',ff"

0,397

0.615 -
0.790 -
'0.920 °

0.961

1.043
1,085

1,091
1.120
1,125
1.172

1,194
. 1.252

1.270 .
1.300

1.367

‘1.393‘“

1.440

1,476
- 1.610

1.621

2.63

5.34
9,14

28 4

7909
928.
.- 942,
_1150.
. 426800, .
. 2660. - - °
3390,
3610, ...
5740,
T4730. .

[P 5630.

0. 0634
7 0.133
.0.204° -
0.293 -

0.383
0.513

: .0._-6"11 S
- 0.828 -

'0.984
71.133

1.270

8.70 -

'29 5

58.9

.112

2000
1?358. 3,

760,
1560.

. 2246.°
3620, ¢

nid
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Table 5

Solub111ty of H,S at 40 °C and 100 °C in

2.0 M Aqueous AMP

40 °C.

100 °C

P (kPa).

P (kPa) Té;

——2.69

. 2.93

5.46
9.79 .

. 8.82
: 13 1

0.140 .
0.203- -

0.400

0.506 -
-0.529 .
- 0.750.
. 0.786 ’

0.979

1,126
‘1,278

1.405

" 0.256

2.26
5.51

9.40 - -

- 23.9
31.8-
.51.8

187,

- 466.

947,
1580

. 2010.

LN

40 °C

Table 6

2.0 M Mixed Solvent

- Solub111tg of H,S at 40 °C and.100 °C in g,,"

————

;100’?c#f"

P (kPa)j

7.06

7,09
35,3 0
85,1

2.8

J{d 0979 |
30.121_, S
LU 0.218
. 0.357
 0.531
. 0.694
0,946
1,092
1.254 "

1.378 .

1.636

’  9,(§9&)

4.5¢ °
6.21

16.2
45.1

‘9’110,
} 229. .

515,

805.

2000
1500,

2200,




0,218 - . 2530.

Table 7

: Solub111ty of CO, at 40 'C and 100 °C in -
B Sulfolane o

x i P(kPa) . | _ x .- . P <kPa).

0.00971 - . . 105. . : . 0.0104 - 249.
© 0.00985 - 103. %y . - | 0.0171T- 444
©0.0177 . . -185.. - | 0.0298 731
- 0.0261 - - 278. . .- 0.0574 1520.
. '0.0329 -~ 377. - | .. ©0.0867 - 2360.
-0.0966 - 1080. o0.160 - . . - 4690.
0.136 1610. | 0.197 7 5900.

0.268 . 35200 ¢ et T L S
©.0.330 . - 4140, e B
" 0.420  .-5580. . o N

| Table e

Solubxlxty of H,S at 40°°C and 100 °C in
-~ Sulfolane - .~

‘0 °c _".1~’»5 D | '.31‘ 100“°c -

x | '_f:.f* Pi(kPa)*' 7 f f; ' (‘;;*x ' : : ,‘PA(kPa); :

0., 0451 Cee 12340 r,:au.u:w .1 .0.0527 ... .348..
- 0.108 - 261, . 0.0974 7200
©0.198. . 519; . .. .. 0.142 . - 1040. -
0.293 - 761, . 1. 0,183 o 1270,
'0.368 .. 981, - - 0.219 - ,:,_,‘ q :
0.453° .~ 12¢0. - -} - - o0.309 . . - 2350.

0.549 . .- - . 1600. -~ r -
0.702 = . 2090.
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 The difference in solubility is more pronounCed for H,S than'.
oL . ' B : . ] . .,',b‘: .‘ ,. b."'

At 100°C the*solubility»of COg'ande'S is»similarly

'_-lower 1n the mxxed solvent at low part1al pressures. H1gher‘

part1a1 pressures and 11qu1d loadxng, however, are requ1red o

at 100 C to attaln the point at wh1ch the solub111t1es in '
the two solvents are ‘equal. d | I

- The data for the solub111ty of co, and H S in sulfolane
;lat 40 and 100 C are plotted 1n Flgures 6 and 7 ' The
-relatlonsth between part1al pressure and mole fractlon.1s
lllnear at d1lute concentrat1ons and becomes nonlxnear at
‘3h1gher 11qu1d concentratlons. Henry 5 constants for each
system were calculated by l1near regressxon analys1s of thes
“varxat1on of vapour fugac1ty wlth mole fractzon. The values
'are compared with those reported by R1vas (1n parentheses)
{ 1n Table 9 R ‘ ' | |

—_— 8 . R

Table 9 R 5
: S ' 3 o
'-Henry s Constants for co, and st 1n Sulfolane

[ .

e o 00%c

Hog, (MPa) - 1o TNERP Y  25.8 (25.1)

 Hugs MPa) 'f. 2.49 v_(Azu..s_s)'._ U s,j.'eeo"(sz.33f)_"v Sl
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4. 3 Accuracy of Data
_The measured quantltles wh1ch 1nfluence the accuracy of

ﬁthe data are the acid. .gas. content of the 11qu1d sample, the _,;;

';j‘the 11qu1d sample. The uncertalnty 1n the part1a1 preSSure

o amlne solutlon concentratlon and den51ty, the vapour phase B ;
h'hmole fractlon, ‘and the total system pressure. Thel N .
"iuncertalnty 1n each of these quantztles may in: turn be_

Aaffected hy other measurements.‘For example, the uncertalnty vhi

'1n the vapour phase comp051tlon is 1nfluenced by thej

1f'accuracy of the response factor measurement. The~overall-

*rerror was' tlmated from the-1nd1v1dual uncertalntles by a L

Taylor ser1es expan51on';_

et o e e

FEENDE S

“.a:Deta1ls of the error analys1s are outllned in Appendlx 4,
The error 1n the solutlon loadlng 1s estlmated at + 2‘
'-to 3% 1n the range stud1ed Thls error arlses pr1nc1pally

,“from the determ1natlon of the ac1d gas and am1ne content of

R TASRER SRS L

| decreases as the pressure 1ncreases and ranges from +11% at L:f'
A5 kPa to 10 4% at 6 000 kPa. At low pressure, the error 1n r.

--the vapour phase analy51s 1s the most 1mportant factor._At

4
A
1
B
-
A
.
MR
Ly
R

»

”;,hlgher pressures, the sen51t1ve measurement becomes that of

+

the total pressure.bn ;'f;“j,bjt o V:yg -'-‘i - _”- N
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4.4 D1scussxon of Expetxnental Results

v

h The replacement of uater with sulfolane has two

oppos1ng 1nfluences on the solub111ty behavxour.tAt h1gn ';

~N

partlal pressures, the presence of the phys1cal solvent

1ncreases the capac1ty for the acid gases, At low pressure,

\

"the effect 1s reversed and the solublllty in the ‘mixed , . -
:,solvent is reduced by the phy51cal solvent component.fA» ' _'>t$4
rat1onallzatlon of these results may be best accompllshed by
focu551ng onieach 1nfluence separately | o

s noted prev1ously, as a approaches 1 mol/mol AMP “the-
"free amine concentrat1on decreases rap1dly,'and the -
proport1on of ac1d gas in the molecular form. 1ncreases. ThlS
1ncrease qn the nolegular concentratlon 35 reflected in the

[TIN

'Lrlse 1n»part1al pressure, of the ac1d gas over the SOlUthh

B As the solut1on 1s further loaded 'the absorpt1on becomgs
51m1lar to that of strlctly phy51cal solvents.,From Equatlon
(2. 4) a pﬂot of vapour fugaclty versus llquld molallty
should be approx1mate1y llnear. A plot of this type, shovn‘
‘1n F1gute 8, 1s based on ‘the data for the solub111ty of H,S

< in m1xed and aqueous solvents. The mOlalzty has beenf
estlmated by assuming that all. the H s less than 1 mol/mol W‘
AMP EXIStS as the 1on1c specxes, angd that the H S absorbed 4
beyond thlS po1nt does not dlssoczate. A llnear relatzonshlp
v‘1s observed and the slope of these lines: may be conszdered d
i to be approxlmate values for the Henry s constant in the

solvent As ant1c1pated the phy51ca1 solubllzty in: 'the

m1xed solvent 1s greater than the correspondlng aqueous'

‘_;, “
N -
. o

“ . * Rk
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'solvent.

G1ven the hlgher phy51cal solublllty for the mlxed

-solvent an oppos1ng 1nfluence of . the sulfolane component
must be 1n effect at lower load1ngs. Under these condltlons,w
the solvent contalns, at a set l1qu1d load1ng, a h1gher |

| proportlon of the molecular form Thus, the replacement of‘a
Aport1on of the water has altered the chemical equzllbrla

_between the reactlng spec1es in: the llqu1d.

Solvent effects vn ionic processes have recently been

rev1eued by Sen et al, (1982) vho ratlonallzed these effects""

i'u51ng the Born electrostatlc model Accord1ng to thlS model

'the pKa var1es 1nversely with the d\electr1c constant of the.,1f

_solvent.lThe d1electr1c constants of pure sulfolane and’

water at 40 C are: 42 1 and 73 1 respect1ve1y Therefore, as

1!

the d1electr1c constant of the m1xed solvent 1s lower than

.the aqueous solvent the dlssoc1at1on of COz and H; S 1s

\

"reduced



5 comu-:u.'r:on OF EXPERIMENTAL DA'I'A ;

A numer1cal model for correlatxng the solub111ty data for

_ the agueous.and mlxed_solvents hasﬂseveral appl;catlons. AlV

F‘modellprovldes a'means:toainterpolate»between<experimental

_ points w1th1n the solub111ty range stud1ed and to
extrapolate beyond th1s range where data are . not ava1lable;:

‘Mlg'A model whlch accurately predlcts the experlmental resulth[

.may be. su1table to estxmate the solub111ty at other :
‘temperatures, or: amlne concentratlons, or to predicg the'
solub111ty of m1xtures of COz and H S A numerlcal model

j'w1th Qhese capab111t1es is a necessary component of computerj

;'51mulat1on programs for amlne treatlng unlts (Tomcej et al

1983)

lS 1 Survey pf Models |
The equatlons wh1ch must.be solved to calculate‘the
i_‘vapour and 11qu1d comp051tlons are outllned 1n Appendlx 5
‘_:The equatlons descrlbe the phys1ca1 vapour l1qu1d equ111br1a
;for the volatlle molecular components,;the chem1cal )

lequ111br1a between the reactlng spec1es,’and the‘

k"ﬁ~st01chlometr1c~relatlonsh1ps between the l1qu1d phase

"components. A rlgourous solutlon requ1res a knowledge of the

. '_chem1cal equ111br1um constants, the Henry s constants, and a jﬁf

’*ﬂmethod to determlne the vapour phase fugac1ty coeff1c1ents

and the 11qu1d phase act1v1ty coeff1c1ents.f;vf‘:fw.
' The models wh1ch have been proposed for the ac1d gas/

-

o am1ne system and the analogous NH, COz—H S- H 0 system wff

o

44
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'generally ‘differ in the. treatment of the vapour and llqu1d

“nonxdealltles. Van Krevelen et al. (1949) assumed an 1dea1

() .

.solution in the 11qu1d phase and 1deal gas 1n the vapour
.'phase to 51mp11fy the set ‘of equat1ons. Emp1r1cal
ﬂ;expre551ons for the equ1l1br1um constants as a funct1on of
‘temperature and 1on1c strength were used Kent and Elsenberg;“
"(1975) also neglected llquzd and vapour non1dea11t1es 1n |
?vthe1r correlatlon of the solublllty of ac1d gases 1n aqueous
.iamlnes. The equ111br1um constants for the dlssoc1at1on of.
fthe amlne and for the carhamate format1on were treated aslv
N adjustable parameters and determ1ned by a best f1t df thel'>

‘ experlmental data.'”

dA method for 1ntroduc1ng act1v1ty coefflcxents was f\d:f"

gf1rst proposed by@;twood et al. (1957) and genera11zed bny
Klyamer et al. (1973) Act1v1ty coef£1c1ents of the 1on1c_
.Tspec1es were assumed to be equal\and funct1ons only of 1on1c:f
s:strength The relatlonsh1p between the act1v1ty coeff1c1ent
"and the 1on1c strength was’ obtalned by fltt1ng the data for

_'the H S = am1ne'- water system. The model sets the act1v1ty |

ﬁpcoe £1c1ent of free H,; S and co, to unlty and neglects ‘7'

non1 ea11t1es 1n the gas phase._
Edwards et al. (1975) proposed a more accurate
‘frepresentatlon of the l1qu1d phase non1dea11t1es 1n the

: development of a model for the NH,-H S CO;-H;O system. The

‘act1v1ty coeff1c1ent of the 11qu1d phase speczes 1s g1ven by:"‘f

'Il
. "

a form of the extended Debye-Huckel law-'j‘



“_:In7i‘_'= .
dEwo 0 (5,1)

The flrst term accounts for the electrostatlc forces as
- derlved from the Debye ﬁuckel theory. The second term
expresses the short range (Van der Waals) 1nteract10ns
between the solute specles and 1ncorporates an emp1r1ca1 .
‘~1nteract10n coeff1c1ent ﬁ; | | '\f |
| Thls approach was applled by Deshmukh and Mather (1981)

*for a. correlatlon of the solub111ty of ac1d gases in aqueous

W

;_am1ne solut1ons. Coeff1c1ents for the 1nteractlon between

‘xdomznant spec1es were. estlmated by a best f1t of the
"exper1mental data and vere assumed to be 1ndependent of
;comp051t1on or temperature. Vapour phase fugac1ty '"1;}'
’7coeff1c1ents vere est1mated by an equat1on der1ved from the

fPeng ROblﬂSOh equat1on of state.

More accurate expre551ons for the act1v1ty coeff1c1ents .

v‘have been recently proposed and attempt to account for the.i
t1nteract1ons betveen the 11qu1d phase specxes. Edwards et -
:Qal. (1978) used a form of an equatxon der1ved by P1tzer

,;(1973) to account for bxnary 1nteract1ons of all types

S

f‘1on 1on, molecule-molecule, and 1on-molecule. Beutxer and o

’Renon (1978) used the P1tzer equat1on to determlne the

dcontrzbutlon to the excess GlbbS free energy ar1sxng from .

ion- 1on 1nteractlons. Moleculp-molecule interactlons are

“.‘:‘.v'
.4

‘ Y. _"l’,ﬁj . ’

o
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- A
-'deSCribed'by a. Margules type'expression wvhile molecule-ion:

forces are estlmated from equatlons based upon the o

-———Debye-McAulay~theory~—Chen et als -—applled—an

’express1on 51m11ar in form to that derlved by Pltzer to
account for the 1nfluence of molecular solutes in. solutlon.'v
N | The accuracy, range of app11cat1on, and/ease of use
d1ffer w1dely among the models descr1bed above. Owlng to
the1r neglect of vapour phase fugaclty coefflczents and

- the:r 51mple treatment of the l1qu1d nonldealxtles, the Kent
and Ezsenberg and Klyamer et al. models gre restr1cted to Jﬁ
solutlon loadlng less than 0. 7 mol/mol am1ne.‘The models of

3 Edvards etval (1975) and Deshmukh and- Mather prov1de a more

&

' accurate representat1on of the thermodynamxcs, but become ; 8
more d1ff1cult to use as they requxre the est1matxon of
b1nary:1ntetact1on parameters. The 1ncorporat1on of more"

- complex expressxons for the act1v1ty coeff1c1ents (Edvards

\{ et alt}'1978 Beutxer and Renon, Chen et al ) 1ncreases ‘the
accuracy further, but requlres the est1mat1on of even more’

u; parameters..; v ‘ P o | ' 3 }i'.

.""», The correlatzon of the solub:lty of CO, and st 1n.;

T'-m1xed and aqueous AMP solutxons vas based on the model

developed by Deshmukh and Mather. The mod1f1catzons to the

'1 model and the results of the correlatxon are outlxned in the ?lf77

-~

follov:ng sect1ons.v7;_“,a«v‘[' 4 f-?g.g" ;ffy;ﬂ
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5.2 éorrelation ofﬂhcid Gas Solubility in Aqueous AMPu"
The model as or1g1nally developed by Deshmukh and >

———Mather—h‘s—been—sucessfully—appl1ed to—aqueous solut:ons-of _

MEA, DEA _and DIPA at am1ne concentratlons to 5M and
\temperatu:es to 100 C._Two major mod1f1cat10ns vere requlred
to apply the model ‘to the aqueous AMP system. The chemlcal
7equ1l1br1um express1on for the format1on of the carbamate
_“spec1es was deleted from the set of equatxons. As noted
_ ‘prev1ously, th1s reactlon 1s destab111zed by the presence of
;Tthe bulky subst1tuent group (Sartor1 and Savage, 1983)
'second modzfxcat1on to the or1g1nal method is- requ1red to&

'-'speczfy the dxssocxatxon constant for AMP In the or1g1nal

,hmodel the values for the chem1cal equ111br1um constants and;h~

'.Henry s constants were obtazned from the llterature.,The o
nidzssocxatxon constant for AMP hovever, 1s not well known
:vfover the temperatute range of 1nterest. Instead the
”;dxssocxatxon constant in the aqueous system at 40 and 100° C :}"
lwas est1mated from the experzmental solub111ty a"the lovest 1h
:hloadxng exam1ned vhere the l1qu1d non:dealltzes vould be a i
.1m1n1mum The equat1ons vere solved for the dlssoczatzon
.'hconstant uxth the 1nteract1on coef£1c1ents set to 0 The
'Vest1mated pKa values vere 9 46 and 7. 97 at 40 and 100 C. -
7 A computer program vas used to determxne the | R
'vxnteractxon coeffxcxents vhxch m1n1mxzed the sum of the .
’v;squared devxat1ons betveen the experlmental and pred1cted
Jpartzal pressures at solutlon load1ngs 1ess than 1 mol/mol

~

'"?KHPC Adjustment of the 1nteractzon parameters d1d not a

s
R -,
R
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'influence'the‘predictions above a loading of -1 mol/mol AMP.
,As:in'the original'nodel} only the interaCtionS«between the

'_dom1nant spec1es were cons1dered The 1nteractlons

;con51dered are: HS- -RNH, , HS —RNH,, HCO,‘—RNH, '
HCO,'-RNH,. ‘The 1nteract1on coeff1c1ents determ1ned from the

;CO, and H, s solub111ty data are. ;.;-if

Pucos-- WM, = 0.0627.  PHcO,- -RNH, = 0.260
Bus- - ruH,> = 0. 0518\ ﬁHs ~RNH, = <0.0348

The - rema1n1ng chem1ca1 equ111br1um constants and
'Henry s constants were obta1ned from the 11terature. The

'flrst and second 1on12atlon constants for H S were. glven by

.expressxons reported by Barbero et al. (1982) and erukov et‘.a'

(1974) respectlvely. Slmxlar expressions for the f1rst

”1and second 1on1zatxon constants of co, were glven by

'”-"Henry s constants for COa2: and H,S were g1ven by equat1ons_.

: Patterson et. al (1982) and Kent and Ezsenberg (1975) Thek,"
, 0

Ly
i_'reported by Mason and Kao (1980) and Lee and Mather (1978)

The predlcted ac1d gas solub111ty 1s compared v1th the~>':
A;experzmental values 1n Fxgures 9 and 10 The pred1cted 4 ‘
td;solub111ty agreé closely w1th the experxmental results at B
:_’solutxon load1ngs less than 1 mol/mol AMP At hlgher o
:'sloadxngs, the predzijgd solub111ty dev1ates 51gn1f1cantly -

from the exper1menta1 values..
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"5 3 Correlatxon of Solubzlxty xn uzxed AHP

The 1nteractxon coeff1c1ents are assumed to be

independent of solvent comp051t1on. Thus, the 1nteractlon

- coeff1c1ents for the m1xed solvent system have been set

'ﬁf'equal to the values est1mated in the correlatlon of the

'aqueous AMP. The soérent compos1t1on, however, has a. strong

:1nf1uence on the values for the chemlcal equ1l1br1umf'

fconstants and the Henry CR constants. The use " of these

"b"constants as obta1ned from the l1terature for str1ctly

'hijThe methods, wh1ch generally requ1re the knowledge of the:.

'agueous systems 1s 1nappropr1ate. The method of Deshmukh and_‘

Mather must therefore be modlfled to account for the solvent

effects.‘.‘ ~:'”

Several methods have been proposed for estlmatlng

,'vHenry s constants 1n m1xed solvents. Generalzzed methodo

o

-have been based on the solub111ty parameter theory

bl(Hlldebrand et al., 1970) the Klrkwood Buff solutlon theorY{rf,;

3(0 Connell 1971) and a s1mp11f1ed form of perturbatlon

‘:htheory (T1epel and Gubbzns,,1972). 0 Connell (1971) derlwed ;5hf”

' fexpress1ons for the Henry s constant by con51der1ng var1ous.7
J.x

"'models for the excess G:bbs free energy such as the Margulesff""

fiequatlon,_the W1lson equat;on, and the Van Laar equatlon.‘kg‘p'7"

- Henry s constants 1n the pure solvent and the est1mat1on of

'r::var16hs parameters, have not been app11ed to a chemlcally

"reactxve solvent szas estlmated the Henry s dﬁnstant in-

W T

t,nonaqueous amine- organlc sovents by an equa§1on PfOpOSed byllgh?.

0 Connell and Prausnltz (1961)._,

el
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B I N Agg Xp Xg '.(5-
N Hyp = Xp:dn Hy2 "+ x3.In. Hy3 ~ ;—T- o Ao

2 )

'H1z, the Henry s constant in. the ‘amine,’ was estlmated by a

,~correlat10n of Prausnltz and Shalr (1961)

©

'_anowledge of the Henry s constant 1n the am1ne and varlous
»fvmlxture parameters.vThe estlmatlon of the Henry s constant

”'yhas been s1mp11fed in - thls study by us1ng the exper1mental

~;,,

.'.data at h1gh solut1on loadlng-”here chem1ca1 reactlons

T

f,becomes less 51gn1f1cant. As~noted prev1ously and shown in.

' }5F1gure 8 the relatlonshlp between ﬁhe fugac1ty of the ac1

"fAn est1mat1on of the Henry s constant 1n the mlxed solvent

‘was obta1ned by llnear regre551on ana1y51s.;

The chemlcal equ111br1um constants w111 dlffer from

R L1

. €Oy + H;0 = HCO3

: w'

*f The methods out11ned above are dlfflcult to apply to‘h'

d

hf”gas and the llqu1d mola11ty of the free sped1es is. llnﬁar.‘ff

'If_those for the aqueous system due to the reduct1on in thev*ﬁ‘

ngldlelectrlc con%gant._The solvent effect on the chem1ca1 ﬁfa
“iequ111br1um constant has been con51dered only for the 3

'f”domlnant reactlons'-'”" | | | .1
CRNH, - . (s,

f3>);t_ f
5
0
6)

‘ythe ternary AMP-water sulfolane system as they requlre the [ ?



., The equ111br1um constants for the d1ssoc1at10n of AMP

Cug b

| and H. S were est1mated at 40 and 100 C by a best

- "n)’

jexperlmental data for the SOlUblllty of H S in the mlxed

:~fsolvent EqU111br1um constants for the formatxon of g;

'.'blcarbonate and carbonate ions, were estlmated 1n a 51m11ar

'fmanner {rom the daga of coz solub111ty The estlmated values

"‘for the Henry S constants and'chemlcal equ111br1um constants T

Vf:fare shown 1n Table 10 All other equ1l1br1um constants are

ﬂt"Henry s constants at temperatures between 40 and 100 o

.'"{‘the He ryis constant. If AH° 1s assumed to- be 1ndependent of T

| as used for the aqueous system. The pred1cted ac1d gas

'“solub111ty 1s compared wuth the exper1menta1 values 1n ‘-‘i‘,’
fFlgures 11 and 12 An excaL;ent agreement between predlcted
T Ry

N

Tfand exper1menta1 solubllftgals observed The dev1at10n at

-,loadlngs greater than 1 mql/mol AMP 1s less that obtalned
,for the correlatlon of the SOlUblllty in the aqueous AMP e

hsolvent.(

5 4 Predxct1ve Applxoat_o&vof Solub111ty Model

A knowledge of the chemlcal equ1l1br1um constants and 'f

"enables the solublllty 1n thlS temperature range to be

estlmated ~Thewcopstants vere est1mated by the appllcatlon 3
’tafdof the van’ t Hoff equatlon.;.f g f;{iajh .‘\jt‘_:_ff'l:jh.,‘#;{
s = F e
L R s .

R o YR I »f.l
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3
temperature over the range of 1nterest Equation (5.7) may’

be 1ntegrated to yleld

~anl

=)

X

-'. I
B ¥ 1 - S
alz -
w

@

v . . . ~ . .
Y

e o
By . knowlng K at twe temperatures ) and AH may be_'
e '% o - * ‘A _‘»' .

!
v -

V%%,evaiuated t.‘ o ] ".w“ ?

;!}12 oM mlxed AMP soLhtxon 1s shown in Flgure 13:”'

A second appllcatlon of the model 1s the predlctlor oF
"ithe solubxllty of mzxtures of co, and H,S over the am1ne
ﬁffs'lutlon. The effect of CO, loadlng .on the SOlUbl}lty of HzS
l 11n the 2. 0 M m1xed AMP solutlon at 40 c 1s shown in F1gure

L
4

e

-,5:5 Discusszon oi Correlatzve Model

v
i N . 3

na

The 1mproved agreement between predlcted and

_ exper1mental results for the m1xed solvenﬁﬂover the aqueous;dﬁf

%Solvent at hlgh load1ng is attributed to the method of the =

ifdetermznat1on of ‘the. Henry s constant. The Henry s constants

3

for the aqueous AMP solutzon werehthe llterature values as
%

35evaluatqd from the experlmental SOlUblllty of CO, aﬁh H §

rfpure water. It is therefore expected that these values would

(‘\ o ‘_n,

dszer from the Henry s constant in a mlxture of water and

. .‘j'

:am1ne. Adjustment of the 1nteract1on parameters may accountr

!‘or the 1naccuracy in the Henry' s,constant at low loadlng,

L "
but would have less 1nfluence,atvhlgher load1ngs of the ac1d

‘The. SOlUbllltV of H S at varlous temperatures in the

$
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gas The 1naccuracy of the Henry s constant leads to the S

Solvent etfects on the chem1ca1 equ111brxa have been.‘

“1 consxdered only for the domznant reactxons. The solvent

N

composxt1on, hovever. wxll 1n£1uence all l1qu1d phase

reactxons. Por exﬁpple, the dzssoc1atxon constant fq; watera'

W ' i wh,

h@ﬁ been measured in. several organ1c solvents (Woolley et TR

W N ?L\ i A;

*h; al,,_1970) The 1nfluencé§of the 501vent*on the Chemlcal
- B3] r .

AL

equ;lxbrza may be best analyzed by consful¥fnglfhe“bverall_”

rreactmns between the ac1d gas and the am1ne..f .; j;A.

e .

- j"?'?;,j-é\ A (1) v RNH; = HS- .+ RNH; (2.6)
-(11) RNH, EY co2 + H o Q RNH; + Hco3 2.7

S
? ’

Thb equ111br1um constants for the overall react1ons 1n3thef;.*

e

m1xed and aqueous solvents are shown 1n Table 11

Tt
v

,vmable‘11][,' -

Equ111br1um Constants for Overall React1ons
1n Mlxed and Aqueous AMP B

SR DURRL TSR
' s

:%ooéilﬁfkﬁﬂfﬁ¥ft'

—— e —— = —
- mixed . aqueous.‘.;-%= mlxed “q,v:aqueoush

a.KIe' jl§4;9 :f.;;bi' 439 hu“l“f“3'36ﬂ h.Lv.,g 2éﬂ9h ”iﬁﬂd

Ky 378, 1468.,-, | su3s 378

v



A comparxson of the. equ111br1um constants reflects the'

1nh1b1t1ng effect of the physzcal solvent on the reactxon

““"betveen—thE“ac1d—gas—and—the—am1ne.

The .effect of gLe solvent on the chem1cal ‘reactions may;"'

s "A )

be further 1llustrated by exam1n1ngfthe concentrat1on of the :

spec1es as a funct1on of solut1on load1ng._The predlcted

| mola11ty*of molecular H, S HS‘-""} and und1ssoc1ated AMP
&;‘ . LIN '

at 40 and 100 les plotted Versus solut1on loading 1n
Flgures 15 and 16 The total AMP molallty in both solvents
1s 2. 24 mol/kg..The undlssoc1ated H S and AMP are in h1gher

’;concentratlon in the mlxed solvent than in the aqueous~

T solvent. At h1gh load1ng the concentrat1on of the .

undxssoc1ated H S 1n the mlxed solvent approaches the‘”

concentratlon 1n the aqueous solvent.;} _ _ o
-.»,.. The Tesults of the correlatlon reaff1rm the bas1c gf ;'
effects of the solvent on acxd gas solub111ty. The B
dlfference in partlal pressure of the acad gas above

solutlons of hlgh load1ng is: ai&ost ent1rely due to the

d1fference 1n the phys1ca1'solub1l1ty (Henry 5 constants) |

between the mlxed and aqueous systems. At loadlngs less than T

1 mol/mol AMP the 1ncreased phys1ca1 solub111ty in the
‘mlxed solvent is offset by the decreased reactlon of the

- ac1d gas 1n the Iéqu1d phase.

-~

@

A
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'6‘-"concwsmus U

: The equ111br1um solub111ty of co, and H, S 1n a m1xed solventl _L'

of AMP sulfolane, and water, and in a solvent of AMP and

N

"water, has been measured at temperatures typxcal of the

»

absorptlon and regenerat1on stages. The amine concentratlon

Ny

“in both solvents uas 2 D M thus perm1tt1ng an evaluation of

‘ the 1n£luence of the physzcal solvent on the SOlUblllty

"behav1our.-l}wﬁ; PR _
The capacxty fo the aczd gases 1s enhanced at h1gh
fsolutlon loadxngiby the replacement of part of the water

-~

'?u1th sulgolane. The . 1ncrease‘%n solub111ty 15 more"

.}pronounced for H S than CO;; At lov solut1on load1ngs,p he»_

rﬁsolub111ty of the acid’ gas in the mlxed solvent 1s lower

”ﬁthan 1n the correspond1ng~aqerus system. "ﬂf'f_ft':
. B _ -

The solub111ty 1n the mzxed solvent has begn correlated

Cﬂby the appl1cat10n of a mod1f1ed ver51on o' theomethod of
-'Deshmukh and Hather. The modzfrcatxons havehaCCOunted for

‘ the solvent effects on the phys1cal vapour lxqu1d equ111br1a

( ,~-‘“. 5y

Hand on the chemlcal equ111br1a between reactlng spec1es. Thej

Lope T

' pred1ctlons by the model are 1n excellent agreement thh the.j.

. S »_.'.,,..

jfexperzmental results.'T“

The results of the solub1l1ty determ;natzon and the

,,* R £ SN

vconrelatzon are rat1ona11zed 1n terms of the solvent effectsﬂ o

v 4

ﬁon the Henry s constant and on the chem1cal equ111br1um ‘

\ Q

.fconstants. The replacement of a port1on of the water w1th
- 3 .

.fsulfolane 1ncreases the phys1cal solubzlatyfot‘&hsﬂbcld gas.5f:



v

Y
»gas and the amlne. The two effects have opp051te 1nfluences

m1xed solvent wh1ch 1nh1b1ts the reactlon between the ac1d

on the partlal pressure of the ac1d gas above the solutlon,‘

."V)

At hlgh loadlngs, the 1nf1uence of the chem1cal reactlon 1s

negllg1ble, and the dszerence in. solublllty 1s due to the

_dlfference in the Henry s constants. At low loadlngs, hé,g

-

'solvent effect .on the chemlcal react1on 1s great enough to

offset the 1ncrease 1n ohy51cal solublllty and leads to a

o

'\lower solub111ty 1n the mlxed solvent.
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Appendzx 2 - Calculatxon of soluvll;ty from Heasured e
W'_'.- E " JQuantitjes’ ; FR
. Fan o .
lculat&ons—*nvclved—1a—the—dexerm;nat1on ogmxhﬂ‘
solubzlzty of the acid gases:in. ther$°lvents studied are
e ohtl:ned in the follow1ng sectxons-'Tygacal values forsthe
. experlmental quantltles. have ‘been use L e

3 B Y n‘u\ . ) . . Y

.tzS*conten; in.li sample ‘ _
'T \ »’ -.‘;‘ : . e v R . \':,. . %;?'l S \. . .
~ ‘volume® of total sample- 100 0 cw R
v .4 volume of aliguot sample:* 10:00 Cm’ : S - 4
-3 Volume of 0.100"N-iodine, addeﬁ 20, 00 -cm? - e
L volume,of Q.JOO N tthSUlphate fequlred 8 6 cm’-- o

“?1’, moles.H S 1n total sample ? f'  v
: SRR
100 0. -
-

o ‘5.".,:7‘.0:’3' :1.07}"“};' -

. .
P 'a.i” ‘.

2 co, contént 1n“11qu1d sample

Data. . f;'ﬁﬁﬂﬂ~f '\ q]-s _';fﬁﬂ" I ACO

. SRR TS D e s

vqume “of total’ sample° 100,0 e’ T DR

.+ vofume of aliquot sample-’zo 00 Cmv R EEE JER AcR L
.- mass:of NaOH solution uséd: 2@ 455 g wji}f.-;3¥;3:N ;5
.~ “volume of.0.100.N HC1 required: 1§83’ cm‘ v S

'},carbonate content ef NaOH . solut1°h 2 0.% 107° moles/g‘

15 3 X 0 100

. "7, 65 x, 10-{'malg9 | S
"2 X 1000 S T

Lotwe

T TR i J T D L



Rrcos
..

e R SR S e P

moles coz in llqulgi sample and hydrox1de solutlon =t

S . 3g,,

p 9—«.__'

100.0 T , ;~.,f"¢;;

’c..

' ‘ : - ) — =.3,83 -Y'_1-ﬂ.'3 moles.
o T "'j.~ T T R

1\»:

3 Calculatmn of ac1d gas loadmg m aqueou’s w mlxed'
'am1ne solutlons L “oh "%ﬂ .

R

pmass of samp;e- 33811 g: ’»{3-‘“““3 I u*-”‘“”

' : density- of amine solutjon. 423%€)3 - 996 g/cm’ EPS

""&«.‘, ' concen‘tratlon of amlne so}.\utlo

',7' B
.

mass~of le,an ammeé,solution'"

Sn.

moles amlne et S ST '_',i.{:":’ ‘

3 2154 X 1. 99 ']j;"

R A o _© 6.42°X 10-° moles

3 77 x 1o4=‘vi_4”,;ﬂq;5,:,ij~‘ A

~

2'6‘42:x*ﬂﬂf?'tf

o

4 Calculatlon of ac:,id gas content 1n s’uifv'o“l_'ané; — '

L Vmass of s;mple. 5; 11:95 . R St A
r~'..:_moles coz in- sample~ 1 43 x 10" ~moles. " .-

| moles sulfolane r'r"?samplwn: ; v

237C)%, 1 99 moleg/l

‘3811 Ct(a 77 x 10#”7 (44, 0) .,é’i'c 3.2158+g »

- 5, 1195 - (. 43 X 1§-=) (44, 0) .;f"*°" SR S

'f5;; F :j; ;5”" 120 17,0 % ;F

421X 1o-= moles. e
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Determ:natzon of acid gas ‘oacxna 'in arine solutions

The cal lculation of .he sclution ‘oad*ng outlinéd ir

v

Append‘x 2 may be genera zed by def.n ng the ‘o owing

var‘ables.

¥

v

eguilibrium temperature *(&)_

7volume 6f reagent (cm®) =~ . A V~e/

o concentrat on of reagent {mol/1).

d:,ut:on faceor

I3

H"CO, baékground-coerect4on.(mbleCOgJ
B mass of 11qu.d sample (g) | |
':am:ne concen ration (ma; AHP ‘g so-thon)'
‘”molecu‘ar ae:ght cf ac‘a gas.'

emoles of acid gas

"moles of solvent

' mole ratxo (mol aczd gas/mol amzne)

’

The solub111ty of the acxd gases are’ calculated from ‘=

*the measured quantzt;es by the follov;ng equatxons.‘

_ V(% D ,“.' S

"‘-0 = B . (Ad. 1)

my o= (W - ’“-07-“," TG (ae2)

a'= M9 . (a8.3)
¢ L Af.3

The uncerta1nty 1n the 1oadlng may be estlmated by the -

£ollow1ng equatxon5°-

8¢



) eI ) NN

‘Mag (Wg - m.g “Mw O+ B-Mw)

3a .
FY . — |
Fututi ‘ ; \

e

2a . Cr DAmg 4 mag c,, M..) ‘ -?.\‘\‘ 

‘v 2-1000 0 m2 AR

> The average vatxatxon of loadzng u:th temperatuée is
\

\fg:iestxmated at O. 008 K-."The‘espxyatgd ungertalnbﬁes 1n the
;;measured values are.   e T K’f
AT = 0L10K o "

"AV = 0.20 cot o ! R
””_AB = 4.0 X 10 s mol €O, ( ﬁ =0 for H s loadxng)

AC‘_- 2 0 x 10’- mo’/g

<

‘ Tipi¢a1;vaiﬁes for ;hewggmaining guantities ;fe-speqified: _

s _";‘o 00776 molmp SRR
" 'mag = 0.00576 mol cos |
."C1't5=10 1 mol/l

b oeso0

: v 'rf'23.3;ém5 SR -

; - ;”1 1 X 10 ‘ mol CO; o
e "’-j_;o 742 mol co,/mol AMp

 From equations (Ad4.4) to (A4.7): Aa= 0021 (2.8%)

e mgCewe
1hée



g 2 Deterﬂ:natxon ot partxgv;pressure

P

ty

The tollovxng varrables ate detxned*

"P(‘. ftotal cell pressure (kPa)

yaﬁf‘pmole fractlon acxd gas

?;H'_ partxal pressure of vater (kPa)

b

Rt}

‘equation:

.
RS T

'AP; ! l( aPa

.'_5

Pa partxal pressure ot acxd 9as (kPe) .

"7Theepar£ielfpressure_of the acid Qusuis giVQF by the

e Co
e 2= v ‘ﬁ - P

aP,

’ The uncertaznty 1n the partxal pressure is ngen by

o equatzons (AG 9) to (A& 12).

)Aﬁ|-+|(a%)API +|(N3)Ah

- g_& - ;,v'.-

_& = 'PQ ’Pw"

The est:mated 1nd1vxdual uncertazntaes are-'

, o
R
AP, =
o » .
4 =

%10 kPa' (P = .1 000 to 6 000 kPa)_

1 kPa (P = 350 to 1 000 kPa)
3 kPa (at'T = 100°C)

1 kPa (at T = 40°C)

0 (sulfolane)

.002

kA&;ioy .

"(Xdﬁe)f_

(AQ 9);
& 'f

e

S (A8.12)

T
3



\', . "‘-'
b G
e

SR . - ‘ e e
~The error in partial pressure at 100°C is ‘calculated for

’ - L, h P. - T . -
several -experimental points using the above uncertainties
",and}equatibn§ (AC.S,to~A(.iz). | |

T "

% Pw Yo . Pa . AaPa’ . % 4aPa
(kPa)  (kPa)' - . (kPa}. . .(kPa) D

- e000. @2, . .990  58S0. 24.7 .42
2000. . 92.  .960  1830. . . 16.3° .82
800.  '92. . .700. . . 495. °  4.2° . .85

T

350, - 92. - .00 ° 25.8 .92 3.5

‘350, 92. .020 5.16 - .S58 -~ 11,

T
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Appendix §

. Reactions:

2.

N

:“ 4.

. 5

Y

.
7.

RNHz* =" RNHp + W+ "

|ZRNHZ + COp = -RNHz* + RNHCOO-

HpS - = HS- + H*

HS- = S2apr
COp + M0 = HCO3T + W

HCO3~ =  CO3-2 + W+
O = O

_ Chemical equilibrium expressions

T

TK1  = ?RNHé '9‘ ap+

3RNH3*

®

K2 = apNHg* * ajmHCOO- -

. 3RWHS ¢ ac0,

S < - ags—s ay+

CqHps

o K4 - ag 2 o cape

" Kg ﬁ. 'aHbo3-, . :éﬂf ‘ :

S~ -

S T

K . ‘,"a‘co3-2_.j"‘ ay

3HCO3~

S Ko . aoH- o

Thennodyna_mi'c'_ Fr"vahpew.or;k -



4——44—4———Activities}areegiven;for—angfspeeiesf4j—except—uater1—by:
| e =y (A5.8) -
Em-' =0

'whece represents any. solute éomponent. “For water, the activity is -
defined as:  * _ . o S

T , ‘--'aw=‘ywxw‘ N (N
e im Yy = L .
g/ I ' X =1
Vapour - liquid equilibrium expressions. . _
$iviP = .7 H m,eJ%a ;;ﬁrﬁ? o (A_s.lp)
oo, | Fwgp
bwyw P = ‘7W xw Pw‘ efp\: RT (A 5.11)
The . Poynting correction term nay be approximated by.
BT ey { -pS ) o SRR
: e RT R ST

-"At the conditions of interest the vapouflliquid equilibrium expression L
for uater may be simplified to' SRR T

',Yw,'_".#'xw -:P\S :

Conservation equations

e mRNHgt = OH- ¥ MHCO3- s+ unmcoo— -
SR ' '+2(lls-2 + llc03'2) e T (A 5.12)‘ :

“®total amine = 5.,.,,..,3, + fnkmacoo- * _e, -.‘Z(A_;_ 5.13)

———



-

v

9. °

mtotal C_Dz = mHC03- "-‘.7-.+-_ch0§'2—+_""(:02
‘Mtotal HpS -=_'£‘h5‘ -+ mg=2 4 MH,S:

L)
T
on
. .
(21
£

e

(A 5.15)

(A-5.16)
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a COz

0.10

Pred1cted Part1al Pressure (kPa)

Tablé’As 1

of C02 ln

Aqueous and Mixed AMP Solutlons at 40 and 100 C:
o -

Agqueous

AMP. .

- 0.20
0.30 -

0.40
- 0.50
0.60

0270
70.80 *
0,90

1.0

10100

1.95 "
1 4.05

. 8.24

17,7
46,7
251, -
1140,
2320,
/3700. -

40°C .

Mlxed _
AMP

1.44
' 2.88-
- 5.16
'8.82
15,1
27,7
- 62.9
262.
996,
. 1970.
30907
*43?5,7,

- Aqueous

AMP

4.28

16,6 .

S 37.3
68.1

113,
180-

. 285.

472,
861. .

. 5960.

100°C

Mixed
AMP

49,2

- 134,
. 230.
- 361,
‘1539
©790.
1140,
- '1655.
-2370.
3330.

. ~4540.
5990,

64.5 -~
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Table'AG 2

Pred1cted Part1al Pressure (kPa) of H;S in

40°C

M1xed'

- AMP
1.58

- 80.0
196,
333,

483,

639,
802,

1140; 5
1500,

. Aqueous and Mixed AMP

" a HaS - Aqueous

. hMP
- 0.10
0.20
0.30 :
0.40 .
0.50° o
0.60 2.72
~0.70 4.99
0.80 - - 9.83
- 0.90 - 23.8
,1‘1L00=.. - 99 7

1,10 358,

o R.200 - 687.
1,300 0 1040,
1.40 1420.

1.50 -fassogaf‘
~1.60 -7 2270,
1.70 .~ . .2750. 0
- 1.80 - .3280.
-1.90 e
@ 2,10

2.91..
5.17
9,26
17.4
37.0

Aqueous
AMP

4.52
11.0

22.1
-40.6.

125,
221.

402,

~7125.
- 1220.
- 1860..
2614.

;1890. , s

- 100°cC

71.6

SpTutxons at 40 and 100°C -



= Table A6.3
Predicted H;S Partial Pressure (kPa)
.~ 2.0 M Mixed AMP at 40°Cc
, as a Function of H;S and CO; Loading
a>H',S. _ | a'-CO"z'-'__‘ o
0.0 +. 0.1 .. . 0.3 . 0.5

0.0 2.1 . . 4.3  10.6 - 52.9
. 0.60° - . 5.18. ©  7.80 28.4 . . 144..

- 0.70. 9,26 . - 15,1 . 68.3 '265.

- 0.80 . 17.4 - .. 32.6 167. . 398.
0.85 ~ ° 28.9 . 51.4 230, 468.

- 0.90 T '36.9 - .. . B2.8 . 297, 541,

0.95 - 57.2 __ . '129.. 366, . . - 615,
.1.00 . 9%0.0 - ‘187. . 438. . 692.
‘1,05 . 137, - - . -282. . . 512, 771,

1.10.  ° 1%. . ©- . 322. - 588, . . BS2.°
1.18% . 262. . 394. = 665. - 936..

C1.20% 7033300 . e69. 745, . 1021.

1,30 s83.  B24. .. . 909. 1200.

‘- 1.0 680, .- "785..- . 1080.. ©  ..1390.

1.50 '"'“‘802 - - 952, . - 1260, - 16000 - -- .

1,70 < . 1140. -~ 1300... . 1640. .~ 2030.

. 1i90-- - 1500.° - - - 16B0. - - 2060, - - 2580,
2,10 1887, . 2082 . 2530, 3190,
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Table A6.4 o
Predxcted Bffect of Temperature on the Solub1l1ty g
of st 1n 2 0 M. M1xed AMP Solut1on s

Partzal Pressure (kPa) -

a H,S s0°c .. 70°C . 90°C
\

0.10 O 2,120 .
0.20 2,55 8. 07 . -

0.30 1. 63 6.07 p ©18.9 "% %
0.40 3,27 12,0 7~ ,36.43 B
0.50 . 5.98° 21.6 63.7 . .;?f'
0.60 10.5 *37.1 105.7 - s
0.70 18.6 62.6 165.° o
0.80 34,1 105. .252; .
0.85 47.1 135. N 307. o
0.90 66.5 174, : 371, %
0.95 95.2 - 223, 443, ”

- 1.00 136. 282, 525. |

1.05 189. . 351, 614.

1.10 253. o429, 712,
1,15 325. 515. . 817, .
"1.20 404. 608 .- . 930.

1,300 571. ‘ *810. . 1170,

- 1.40 . - 748., 1030, - . 1430, - - - 5
1.50 933. . 1260, - ? 1720. o
1.60 1120. . "~ 1500, - 2020. o
1,70 1320.. 1760. - 2320.. - :

- 1.80 1530. - . 2020. R Y

-.1.90 1740, . :2300. o
2.00 -1960. g -

2.10 2190, .
N
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Table A6 5

Molal1ty of L1qu1d Phase Spec1es in

2.236 molal Mixed AMP at 40°C
as a Functlon of H,S Loading

(mol/mol AMP)

0.40

- 0.50
- 0.60
'0.70

0.75
0.80
' 3.729E-02

0.85
- 0.90

0.95

1.00

1,05
1.10

1.15

1.20 .

1.30
1.40

1.50 ..

1.70

1.90

.2.10

2.20°

HiS

 2.360E-03

4.360E-03

. 7.757E-03
" ¥.388E-02 .

:1.885E-02
2.613E-02

‘5,52BE-02

 8.534E-02. .
1.340E-01.
2.038E-01

'2.899E-01

- 3.860E-01. .

4.877E-01

6.994E-01
‘ 9.160E-01.

1.136E+00 .

1.578E+00
. 2.022E+00 "
" 2.468E+00
- 2.691E+00
can '

Molalzty

(moles/kg)

_HS' .

8;9103—01»

. 112E+00

1 333E+00
'1.550E+00 "
" 1.657E+00
1.762E+00
1.863E+00 -
- 1.957E+00

2.039E+00

- 2.102E+00
2. 144E+00
.2.170E+00
‘2. 185E+00 .

2.195E+00

' 2.207E+00
'2.214E+00
2.218E+00"

2.223E+00 -

2.226E+00

2,228E+00

2.228E+00

A
1.310E-03

. 1.220E-03
. 1.065E-03 -
8.600E-04
7.500E-04
6.330E-04

5.110E-04

" 3.907E-04

1.936E-04
1.340E-04

9.710E-05

7.400E-05

5.900E-05
.~ 4.200E-05 -
. 3.23BE-05
. 2.600E-05 -
1.900E-05 -
1.500E-05

1.220E-05

1.122E-05 .

f‘AMP

- 1.343E+00

1.121E+00"

9.010E-01
. 6.B38E-01

C5.711E-01~

4.727E-01.
"3.722E-01

2,785E-01
1.969E-01 '

3BE-01

‘9. 1B5E-02

6.624E-02
5.054E-02

4.040E~02.
2.850E-02

2.180E-02

1.774E-02 -
1.283E-02

"1.004E-02 -

- 8.241E-0

7.564E-03 -
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Table A6.6 -

Molality of LlQUld Phase Spec1es in
2.236 molal Agueous AMP at 40°C -
as a- Functxon of H; S Loadlng

‘@ H S .

{mcl/mol AMP)

=40

0.50

0.60

. 0.70
0.75
0.80

0.85
0.90
0.95
1,00
1.05

.15
.1b20
- 1.30
S 1.40
1.50
1.70.
1.980

st

. 5.677E-04

1.059E-03
1.910E-03

3.487E-03 -

4.813E-03
6.839E-03

:1.020E-02
© 1.651E-02"
3.080E-02

6.88BE-02

© 1.456E-01
~ 2.440E-01
.3.487E-01

4.580E-01

" 6.7B0E-01
S. ‘000E-01

: 123E+00

BN 56BE+00
2.01SE+00

Molality

(moles/kg)

HS "

' 8.909E-01

114E+00

A I
1.337E+00 -
T

S60E+00-

1.671E+00
'1.7812*00"’

. 1.8B9E+0D

1.985E+00

. 2.093E+00"
2.167E+00

- 2.202E+00 -

2.216E+00

'2.222E+00 . _
_3.403E-05

2.225E+00
2.229E+00

20230E+00
2.231E+00

2.233E+00

2.233E+00

N

2.958E-03
2.691E-03 -
2.311E-03

1.841E-03

-1.579E-03
1.301E-03
1.012E-03

7.160E-04

. &.329E-04
2.116E-04
-1.043E-04
€6.321E-05

4.841E-05

2.308E-05
1.743E-05

" 1,399E-05
.1.003E-05 ..
7. 81¢5-06 

AMP

1.339E+00

J116E+00 .

4.527E-01

. 3.446E-01

2.394E-01
1.422E-01

6.866E-02
3.366E-02 .
 2.035E-02

B.939E-01 °
'6.724E-07
'5.622E-01

1.429E-02

1.094E-02

7.418E-03
5.600E-03 -

' 4.495E-03
'3.221E-03
'2.509E-03
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Table A6 7

Holallty of quu1d Phase Spec1es in .
'2.236 molal Mixed AMP at 100°C
.as a Function of H;S Loading

a st B
mol/mol AMP)

0.10.
~0.15
©0.20
0.30
. 0.40°
0.50
0.60

. 0.70
0.80.
0.90-

1 00
L10
1.20
1.30

1,40

1.50
1,60

1.70

- Ha S

'z 666E-03
5.712E-03
 1.000E-02""

2.306E-02

4.373E-02

7.468E-02

1.192E-01
;.1{810E‘0JI
2.633E-01
3.679E-01
-.5.9452‘01
6.408E-01
- B8.034E-01.
- 9,789E-01 ...
© 1.164E+00
 1.357E+00
'1.556E+00
1.759E+00 .

‘6.461E-01
-8.490E-01
1.042E+00

- Molality

"(molés/kg)

‘}'HS’

2.19BE-01

‘3.284E-01 -

4.357E-01.

1.221E+00

1.383E+00

1.524E+00

1.644E+00
1.741E+00

"1.818E+00
~1.879E+00 .

1.927E+00

- 1.966E+00
. 1.996E+00 -

2.021E+00

2.042E+00 ..

s-"
108E-03

;1 310E-03

1.461E-03
1.616E-03

1.647E-03
1.589E-03
1.472E-03
1.322E-03
“1.161E-03.

1.00SE-03

- 8.658E-04
-7.469E-04

6.486E-04

 5.682E-04
'5.027E-04

4.490E-04

-4.045E-04 -
3.674E-04

T ! l.

2,014E+00

1.905E+00
. 1.797E+00

1;587E+00_.

:1.3842*00

1. 191E+00

1.012E+00

'8.504E-01
 7.093E-01
' 5.905B-01
- 4.936E-01 -

4.165E-01

3.556E-01

3.076E-01
2.694E-01
2.388E-01

 24138£‘01,‘
1.932E-07.
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Molallty of ngUld ‘Phase Spec1es in
2.236 molal Aqueous AMP at 100°C

| Table A6.8

as a. Functlon of H,S. Load1ng

(hol/moluAMP)_

~0.10
0.5
0.20
0.30
0.40
- 0.50
0.60
0.70
0.80
0,90
1.00
1,10
1.20
1,30
1.40
S 1,50
. 1.60-

H,S

3.749E-04
8.277E-04 -

1.488E-03

"3.603E-03
- 7.216E-03
1.320E-02

2.314E-02
4.016E-02
7.060E-02

1.269E-01 -
2.258E-071
- 3,722E-01
' 5.520E-01
7.500E-01 -
 9.574E-01 -
1, 170E+00.
. 1.386E+00

Molallty

(moles/kg)‘

HS‘

2. 188E-01
1 3.295E-01 -
" '4,402E-01

 6.614E-01
'8.815E-01

1.099E+00

' 1.314E+00
1.521E+00

1.883E+00

2.009E+00"
2..086E+00"
2.131E+00 -
'2.156E+00
2.173E+00

2.184E+00

'2.191E+00

’SE?;‘

' '4.408E-03
5,058E-03 "

5.470E-03
5.815E-03

- 5.716E-03

5.302E-03
4.656E-03

3.845E03 -
2.948E-03
©2;075E-03
. 1.373E<03.

"9.180E-04 .
6.528E-04
4.955E-04 -
3.957E-04 -
-3.,280E-04"
'2,795E-04 .

AMP.

2.007E+00

1.563E+00

21.343E+00

1.126E+00

- 1.784E+00 -

'9.12BE-01-
7.070E~01

5.148E-01" -

- 3.484E-04.

2.244E-01

1.477E-01
1.041E-01-

7.866E-02

6.262E-02

5.180E-02
4.407B-02
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Table A6.9

Molal1ty of quuxd Phase Spec1es in
~ 2.236 molal Mixed AMP at 40°C

a CO; !

‘as a Function . of CO; Ldadlng L

;2;}70E‘01

‘2.613E-01
- 2.554E-01-
2.327E-01 .
.1.952E-01 .

1.714E-01

1,447E-01
"1.148E-01

8.285E-02
. '5.056E-02

2.429E-02

1.164E-02
- 6.978E-03" -
. 3.749E~03.
'2.551E-03

. ) Molal:ty o
(mol/mol AMP) (moles/kg) . -
_ - _co, ' HCO;7 -

- :o 30 - 3.670E-04 . 4.234E-01
'~ .0.40 . 7.340E-04 _'6.324E-01
- 0.50- 1. 3153-03,v_8,6 3E-01
. 0.60 . .2.24BE-03  1.107E+00
. .0.70- ' .3.8B5S5E-03 . 1.366E+00. -
© 0.75  5.148E-03  1.500E+00
- 0.80 _ 7.057E-03  1.636E+00 .
0.85 -~ 1.020E-02  1.776E+00
0.90  '1.600E-02  1.914E+00 -
°0.95 2.926E-02  2.044E+00
. 1.00  6.600E-02 - 2.146E+00:
1.05  ° 1.430E-01  2.193E+00
1.10 . 2.423E-01 ' 2.210E+00
1.20 ° 4.572E-01  2.222E+00 -
1.30 . 6.776E-01 ' 2,227K+00"

1,40

8.995E-01

2.229

-

1.935B-03

oy

1.318E+00 "+

1.081E+00

“8.638E-01

6.639E-01.

- 4.794E-01
- '3.927B-01  °
3.103E-01
' 2.308E-01 "
1,567E-01
. 9,050E-02"
3.171E-02
1.960E-02
- 1,167E-02-
'6.242E-03
- 4.240E-03
3.210E-03- . .
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_ } Table A6. 10
\x_ L Molallty of L1qu1d Phase Spec;es in.
o - 2.236 molal Aqueous at 40°Cs - B
as a Function of CO, Load1ng e
coz_ '~4' - Molallty o -UVﬁ .
(mol/mol AMP) ' (moles/kg) . °.

. €cop Hco, CO3" % AMP
0.50 - 4.262E-04 -6.0633_01 5,112E-01-  6.07.1E-01 .-
0.60° - .8.807E-04 ~ B.669E-01  4.738E-01  4.,214E-01

~0:70  1.,786E-03 . . 1.164E+00 . 3.990E-01 . 2.736E-0T1
0.75 - 2.578E-03 . 1.325E+00. 3,494E-0T ' 2.122E-01
'0.80 °  3.807E-03 . 1.491E+00 . 2.932E-01 ~ 1.586E-01
0.85 - 5.927E-03 1.665E+00  2.301E-01 ~ 1.112E-01
‘0.90 1.005E-02 = 1.839E+00 1.629E-01  7.076E-02
©0.95 . 2.030E-02. 2.009E+00 - 9.475E-02° "3.734E-02 .
1.00 . - 5.436E-02 ~2.142E+00  ~ 3.978E-02- - .1.45BE-02 .
1.05 . 1.346E-01 = 2.196E+00  1.684E-02  5.995E-03 ..
1.10 © - 2.368E-01" 2.213E+00 9.727E-03  3.433E-03.-
1,20 4.541E-01 ~ 2.224E+00 . 5,135E-03 . 1,802E-03 ' .
1.30: - 6.755E-01  2,22BE+00  3.476E-03. ' 1.217E-03
1.40  8.979E-01 . 2.230E+00, 2.620E- d% .9,170E-04 -
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R Table A6. 11 j,; . "'f Lo

“Molality of Liguid Phase Spec1es°1n '5\\;~’ .

.- 2,236 molal Mixed AMP,at 100°C - .\
L as a Funct1on of CO;’ Loadxng e’

holalzty

(moles/kg) j ;75. e

(mo1/mol “AMP)

-

aF

.. CO; nco, CO;T! | |
e 0,05 9.505E-04 . o7a_o1p.“4.o1szeoz  2.118E+00
ST 0410 - ~3;195E-03L;]3-0603-01_‘j154383-02“-ﬂz 001E+00 .
0.15 - 6.482E-03" 3.1i7E~01 . 1.,726E-02  1.890E+00;
0.20  1.074E~02 - 4.173E-01"*, 1.927E-02 :1.780E+00
0.30 - 2.223B-02. 6.271E-01 ' 2,147E-02  '1.566E+00
'0.40  3.B13E-02 - B,343E-01 ~ 2,192E-02  1.358E+00
' 0.50 5.961E-02  1.037E+00  2.111E-02° 1.156E+00
" 0.60 - ‘8.871E-02 _1.234E+00- 1.937E-02 ~9.637E-01
'0.70 °  1.288E-01  1.419E+00 1.700E-02 = 7.826E-01"
. 0.80 .. 1.850E-01 ~~1.590E+00° 1,428E-02 .6.179E-01 =
. 0.90 - 2.640E-01 . 1.737E+00 ~ 1.154E-02 ' 4.760E-071"
1.00" ~. 3.710E-01  1.856E+60.  9.097E-03  3.622E-01
1,10 .5.083E-01  1.,944E+00 - 7.146E-03 2.775E-01
1,200 :6.704B-0% 2.0 JE+00 . 5.698E-03 2.175E-01
1,300 8. 5103—01 . 2.054400  4.651E-03.~ 1.755E-01
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~ Table A6.12 . v"ﬁg ST
Molallty of L1qu1d Phase Spec1es in
2,236 molal" Aqueous AMP at. 100° C
.- .~ as a Functzon of co, Loading -
 a CO; ’f'  ;'f."f‘ Molallty
(mol/mol AMP) ~ (moles/kg) ‘ '
. | . . COz : | HCOJ-. . . COQ-Z . | AMP ‘
0.05  1.088E-04 6.417E-02  4.753E-02  2,075E+00 "
. 0.100 - 4.214E-04 - . 1.504E-01  7,277E-02~ . 1.939E+00
‘0.15 . ' 9.279E-04 _2,.448E-01 ~ 8.968E- 02 " '+.811E+00
-~ 0.20 . 1.631E-03 ~ 3.443E-01 . 1.013E-01 ' 1.689E+00
0.30 ° 3.676E-03 5.536E-01  1.135E-01 = 1.455E+00 _
. 0.40 . 6.742E-03 7. 722E-01 "~ 1.154E-01 - 1.233E+00
- 0.50 1.122E-02 - '9.969E-01 - 1.098E-01 . 1.01SE+00. . .
0.60  "1,791E-02 -~ 1,225E+00 - 9.836E-02° 8.13BE-01
0.70.  2.B51E<02  1.455E+00 . 8.216E-02 " 6.171E-01-
~'0.80: ' 4.720E-02 . 1.679E+00  6.246E-02 4.319E-01
. 0.90 - 8,521E-02 [ 1.886E+00 - 4.141E-02 = -2.674E-01. "
~.1.00° 1.688E-01 . 2.044E+00 .:.2.361E-02  1.452E-01.
1,10 % “3.172E-01  2.129E+00 ~ 1.338E-02  8.023E-02- -
. 1.20 - B5.069E-01 . 2. 1ssE+oo.&;a,szo§+03-;'5 112E-02 -

e



