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~Q‘the llquld phase._ ‘ rf:_ po_@:qu»ﬂff'f:'gf.lifn l,

ABSTRACT
- ‘_. \_ . .

An experimental apparatus was designed, oonstructed

and, tested for the measurement of very. low partial pressures
offﬁzs,and.cozrin aqueouspethanqlamine (EA)Hsolutions at
high temperatures. - )
: N .

The apparatus was’ tested by measurements of CO2 and
T'st solublllty in the reglon where prev1ous data were avail-~
able. Tests were carrled out for CO2 at 60°, 0° and 100 C'
f;and monoethanolamlne (MEA) concentratlons of 2. 5 and 5 0

" ‘normal (N).Q For st measurements were. made at. 80° and 100°q>

with MEA concentratlons of 2 5 and 5 0 N. Good agreement

'w1th the llterature proved the rellablllty of the apparatus. p”e

| Measurements were also made‘at condltlhls where”no"pq'“”
. prev1ous data were avallable The 80°.and 100°C 1sotherms,
pfor bothlpure CO2 and H S 1n 2 5 N MEA, were extended to -
very low paftlal pressure of the ac1d gas (about 0 0001
1951a) “&Measurements for mlxtures of HZS and C02 1n SN MEA i

Cat 100°C were also made for very low loadlngs of CO2 and

H S (each belng 1ess than about 0.1 mole/mole of MEA) 1n
The theoretical models proposed by Klyamer et al.,r¢-

"j'and Kent and Elsenber919 were used to predlct part1a1 pres-fﬁi

sures of CO2 and H2S Modlflcatlons were carrled out ln yan

»the model of Klyamer et al by 1ncorporat1ng fugacrtles of

~:CO and H S The functlons, for act1v1ty coeff101ents of

2 2

_?tiiapib?p;plbr‘pvfﬁispw‘Jﬂp__



ionsvin.theusolution; Jere modified to include the effeots ) o,
"of temperature and 1n1t1al EA concentratlons. Predlctlons |

_ from these three models (namely Klyamer et al., Kent and lxh{ ft_
- Elsenberg,rand modlfled Klyamer et al. ) were compared W1th;n
.the exper1mental data obtained 1n thlS work as: we]l as |
that from the 11terature.v For most cases the MOdlfLed ' d:_-
'Klyamer et al ;odel glves the best f1t of the experﬁmental
.data,_ For the s1mple systems (i. e., aqueous EA solutlons
contalnlng elther CO2 or HZS)' however,‘the model of Kent
and Elsenberg glves a Sllghtly better fit of the experl-

’imental“data.ﬁ.“ 'M‘
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. NOMENCIATURE

Ratio between the un-iqnized ethanolamine’
activity and the activity of wétgr o
Constant iﬁ Redlich;xwohg equation
Constant in Redlich¥xwong:equatioﬁ
Fugacity L |
Inverééiof Henry's Laﬁfconstapt
Equilibrium éonétantf  I _‘{»];- .
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,Molalityadf ethanolaming~iﬁ Klyamef\et{al.‘
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Normality of-ethanolamine-"

Critical pressure

COZ partial pressure
HZS partial pressure

Gas'COnSEant ,

- Temperature. .

Critical tempéréturé.

- Molar volume

- Critical volume

2

xv

-Moles_qu%Oz/molé‘of ethaholamihéf  

7MoleS‘of'H;S;molefofiethanoiaminer -

;corrélationz‘mOlarity bfiethanolaminé in Kent,'

B



concentration

' Ionic strength

Acentric fgctor

0

" Critical COmpresSibility factor =~

Electrical charge on an ion

s

‘Activity coefficient of water

Activity coefficient of an ion

4Fugécity'coefficien£ “. . e

Dimensioﬁléss.donstant iﬁ*Rédlich-wang o

" equation -

=}



‘allow the estlmatlon of the equlllbrlum capac1ty of ch

| INTRODUCTION :

“

Aqueous ethanolamlnes are w1de1y used ‘in 1ndus Yy

' for removrng HZS and CO2 from gas streams.ﬁ Vapor-llquld
i equlllbrlum solublllty data for st and co, and their

'mlxtures in EA solutlons are needed to ald in the de31gn of"

amlne-type natural gas sweetenlng unlts.' Data of thls type
] .

amlne solutlon for each dlfferent sweetenlng system de51gn

3

:for the partlcular condltlons of temperature, pressure,’and‘

_ c0ncentratlon found in the proce381ng un1ts._ The\data may

be used to check the fea51blllty of more econom1cal de31gns _

,-not yet tested by plant experlence and therefore, provnde-

a means to gulde a. program 1ntended to reduce sweetenlnq

(Y

plant 1nvestment and operatlng costs. o

-_: Solublllty data for ac1d gas—aqueous EA systems

- have been collected by numerOus lnvestlgators over the lastj}

fggases and hlgh temperatures._ To make these measurements a

forty years.. However, the data publlshed_to date do not

}cover all the necessary ranges of solutlon strengths and
temperatures.» The reglon of 1ow lOadlngS, 1n terms of

moles of ac1d gas/mole of ER and 1ow acld gas partial pres-.f3

sure (where most commerc;al unlts operate), has not been

"suff1c1ently covered Thls prOJect was undertaken to cover“:

‘thls important reglon of very low partial pressures of acid:,

N

i 7'10w pressure apparatus had to be desxgned and constructed.,n‘*

&



" 2

To,befable‘to use this‘apparatus'with!confidencemer“regions
.where no data eXist,.some'measuremené% had to be made to
reproduce existing data.

Whlle the equ111br1um solublllty data are uSeful 1n

themselves,_lt is desxrable to have a. computer-orlented

AN

'correlatlon Whlch reproduces the experlmental results, and .' _
whlch can be extrapolated out51de the range of the data‘;‘j» |
w1th some degree of confldence. So far only twq solublllty .

',models have been proposed for CO2 HZS water—EA systems by

lKlyamer et al.-13 and Kent and Elsenberg10 o The startlng : .
_ v . e
;p01nt‘for both of these models is- the postulatlon of chem—*‘

41ca1 reactlons oeourlng 1n the aqueous EA solutlon contaln-'.
.,1ng the acid gases The model of Klyamer et al _uses activ-’;jfdi
| 1ty coeff1c1ents, for 1ons ln the solutlon, to account for

“the. non-ldeallty of the 11qu1d phase._ Kent and Elsenberg :3"
_have 1ncorporated all the non~mdea11t1es 1n two emplrlcal }f

A:parameters.‘ They determlned these paraﬁbters from experl-'gfe"

!mental data. Nelther of these models 1s rellable over a11
fcondltlons of solutlon strengths and temperatures.f MOdifl- if;ﬁbi
tfcatlons 1n the Klyamer et al model (made 13.this work)

‘1mproved substantlally, the rellabllity of predlctlon of
: equlllbrlum partlal pressures.from a knowledge Ff llquid g_hgtz

gcomp051tlon and temperature.~;adf‘"‘*7“”‘ g
Y In Chapter I, de31gn consldératlonsh\construction,.?;nif_ng
".Zand operatlng detalls of the experlmental apparatus are



5

desoribed. In Chapter II,\comparlson of the exper1mental
7data W1th those of llterature 1s presented 1n\graph1cal

form, along w1th the data obtalned in thlS work for reglons

where no. prev1ous data are avallable. Chapter III dls§psses of

A.the theoretlcal models fOr predlctlon of equlllbrlum partlal h»'

: Pressures of CO2 and st when other condltions are known. _b;:"

\Th&s is followed by comparlson of the models. N



*lfsolutlon w1th a certaln concentratlon of ac1d gas (or g(ses)

 CHAPTER T 'd; o e

r'a

EXPERIMENTAL METHOD

In thls chapter the de81gn con51deratlons, construc-j o

jtlon and operatlon,of the experlmental apparatus used 1n

\

this work will be descrlbed L R
.p.gwg,f._“

;A;-‘Design,Considerations:ﬂ;’

R Bas1cally threh dlfferent methods have been employedjpii‘
'-':for vapor llquld equlllbrlum studles of Hydrogen Sulphlde - *vf;
‘Carbon DlOdee - Water - Ethanolamlne systems'vfffbbf)'ff»h:{fn7d
"pf;(é) Statlc Method .f7£jffﬁ‘pﬂ}?'ff37;f R
'f(b) Dynamic Method dwu: R
dfké) Clrculatlon Method
S sft"é.tic --ﬁetfhéd:e i

\;,;‘fa_‘ In thls method a closed cell contalnxng\the amine

is used A motor and gear train usually constitutes the'*'f

,}rocklng mechanlsm. The whole assembly is immersed in an ;j;,fﬁ/

i

-;_;, 011 or alr bath. Thls method has been used by Reed and

'-afmercury, Goldman and Lelbush

{,j;“Lee, Otto and Mather

fngodza for measurement of co2 partxal pressures ranging

"from l 5 to 1 5 atm., Jones et al9 from 0 56 to 7000 mm of ﬁ.v
: . o

from 10 to 2000-mm offmercury,
15 IB :

s

for partial pressures of co2

R
RN
i



- - i,. _::. .':»: _vdu //%/('MS i

-

between 0 1 ps1a and 827 p51a and partlal pressures of H2 R

‘;between 0 1 psxa and 306 p51a.-

= b).nynamie'Methodi j",’ V;a'd S h7} _¢~‘ )

;" I 4.; - _'.; o ) ‘g-~

: Elther a gas’ blend of NZ’ C02 and HZS or pure N2

fpassed through a number of saturatOrs contalnlng amine sol- o {7:
utlon w1th a certaln concentratlon of acxd gases. The gas

'nphase 1s repeatedly,analyzed after a certaln tlme 1nterva1. :;firf

‘\

'.untll two or three 91mllar readlngs 1nd1c;te that equillbr,.ﬁlf";

rlum has been reached. ThlS method 1s called the 'Dynamlc:#;Jf;ﬁ~

'*‘f?‘ Mason and Dodge2§ uSed th1s method to measure CO2 ?f Jo

: partlal pressures raﬁglng from 0 19 to 14 9 991a.A Leibushfﬂﬁ7’ |

L

:-fland Shneerson23 used 1t for st part1a1 pressure measure- R

o~

'H-“ments when the partlal pressures were less than 6 7 psia;jfﬁfldf'

';:;fwhen part1a1 pressutes of CO2 plus HZS were 1ess than 3

o p91a.\g

ijalso for measurlng solubllitles of mixtures of 002 : d st'r‘ﬁf'

hlS method was also*used by Atwood et all whéﬂ

tiAal pressure of HZS was between 0 0005 to 5720 mm of

2

d'mercury. LYUdROVSkaYa and Lelbush used 1t for C02 Parnfﬂf[}fiff

1ii7;t1al pressure measurements 1n the range of 36 8 psia to

”'1;588 p51a°. Rlegger, Tartar and Llngafelter
;£}method for measurement of st partial presslre 1n the

"”hrange of 25 to 700 T of mercurY~ Muhlbauerand Monaghan

29

employed thisgf

| 2‘.

: g
also used dynamlc method for 301d gaé"solubllity stud1es"

. at 25°C.,EJ;5'1Tf i;'

o



. c) . Circulation Method: o

In thngmethod the vapor phase is c1rculated through

-

' the equlllbrlum cell 1n a closed 1oop A magnetlc pump or' -

some other pumplng dev1ce is used to 01rcu1ate this vapor

X o
.phase.. To analyze the vapor phase a small part of the clr—;

_:;“culatlng vapor is: bled to a sampllng cell'fff:';~T~§;;}fitf“efﬁ

17 18 19 20 21 22 used thls

‘,»,‘» Lee, Otto and Mather

-E»method to obtain SOlubllltY data for HZS or COz Or thelr ,3;§Y”EF*‘
'mlxtures 1n MEA or. DEA over a wrde range of condltlons._;fdt{jggh?
| fMuhlbauer and Monaghan2§ also used thls method for pressur-'jhi;;}

EVhfes ranglng from l to 1000 T, of mercury-.,»w;if:;iw

Murzxn et al Z comblnedsdynamlc and c1rculat10n g;»;"“

'vaf:methods and termed 1t 'Flow—Cchulatlng method., This j;i{ﬁl@?fgj

{'method is. often used 1n klnetlc stud;,es31 In thls method

‘gas c1rcu1ates 1n a closed system and equillbrlum between’j

fghpha;es:sets ln durlng multiple bubbllng of gas through the _
- The
Qfluld layer., In the meantlme, the gas flow is contlnuously

A

iffiforced 1n a closed cycle and equal flow equilibrlum gas ffff’ i

'V”}sampllng of suff1c1ent quantlty of gas 1s made p0951b1e;?

'apﬁase 1s wlthdrawn.‘ The gas flow fbrced 1n as well as that
Qﬂw1thdrawn is only a small part (up to ;;? of the overall

h;flow, therefore supply of pure gas 1nto the system QQes not

'i*fsubstantlally alter the equllibrlum and at the same_tlme ”f”5“7 :



"fls establlshed

T

y

rvB..’SeIeCtion:of-a Method for This.Work; -

The statlc method 1s not sultable for measurement of

‘low partlal pressures because the large sampllng of gas"""

: phase for analy51s can substantlally dlsturb equlllbrlum;_,”,ﬂ .

\?ln the system. Be51des at very 1°W part1a1 pressures ofﬂ[.stb

lac1d gases a very long tlme 1s needed before equlllbrlum'f

27 Slnce the apparatus 1n thls work had f-

" to be used fqr Very 1ow partlal pressure measurement (of.;
.'a01d gases) 1t was obvrous at the outset that thls method

7;was not rellable._

S - L . L TR
The circulatlon method was also rejected because°for BRI

‘ measurement of small part1a1 pressures 1t requlres the c1r— fo"

":fp“culatlon of a large quantlty of gas and this makes the ;f*'t

4o

h‘method exce391vely cumbersome

'Lratlon changes can be controlled to with

26 27

The dynamlc method has the advantage that a sufflc-:“

'.lient quantlty of the vapQr phase is ContiHUOUSIY available fﬁ;3h7
- 3;for anaiy31s. Thus gas phase analysls in no)way affects ”

'ffthe equlllbrlum Also, 1f the flow rate of the carrler gas

ﬁn;reasonahle llmitB




ﬂ*jfunlform concentratlon of ac1d gas(es) 1n the carrier gas ?

o

BN

by a Sllghtly hlgher absolute pressure than the partlal

e

pressure of water plus amine at that temperature and by

,malntalnlng a low flow rate of N2 through the saturators _f;:"
R '*'.‘71» S A e
‘f'Two alternate routes are avallable 1n the dynamlc

\".

'method 1tself

| | '-a
a)‘ Solutlon Saturatlon Method

Here a carrler gas of known composltlon v1th2

"contalnlng ac1d gas(es) 1s passed through a serles of sat- i_ﬂ D an

j-urators Equlllbrlum 1s 1nd1cated when inlet and outlet

;lgas comp051tlons are 1d8ntical.»4;j_’

; ”-_b)l,Gasnsaturation‘Methodfﬂf L b'f »

Pure carrler gas (Nal\as passed through a number of.jj"i
- N .

'-saturators contalnlng amlne solutlon w1th ac1d gas(es),-

Slnce thlS work had to be carrled out 1n the regron]ggajfjtx
“fhwhere partlal pressures of Coz and H S were always 1ess~°
‘{jthan l psra the~gas saturatlon method was chosen. The ob-f:r:}o5”'

"vious reason belng that rt 1s not practlcal to have a

'ltpwhen the part1a1 Pressure of theée ac1d gases is extremelyiip"‘fa’

(e g below 0 1 p81a) ';;;;,,_'-




| t;Ttherefore gas phase monltorlng was possible at whatever timerfﬁ;f;

'laéjwater manometer dependlng on whether hlgh or low gauge pres

C. bescriptlon o_f-the-Apparatus:}'._l~
The apparatus used for thlS work was qulte 51mple ;”'¥f'
}and is shown schematlcally in Flgure l Ba31cally 1t
}icon91sted of three 1dent1cal 250 ml’ gas washlng bottles
conhected 1n~3er1es. These bottles were kept in an 011
‘bath.. Carrler gas (N ) passed through a 25 foot long,

/ v B
0 25 in. O Df stalnless steel corl 1mmersed 1n the 011 i

_along W1th most connectlons and all the three bottles.,5~
7fAfter passrng through the heatlng cor} N was bubbled
through the three saturators in series. N2 flow was regul*_'f'°

. . ‘
ated by a ?eedle valve to make sure that the flow rate was

\ .

"'constant ~ The th;ee saturators contalned aqueous amlne 1”5_'7,-

‘fsolutlon w1th a certalnkéoncentratlon of ac1d gas(es)

lh'ThlS SOlUtlon was prepared by pa351ng the a01d gas(es)

.'fthrough the amlne soluthon 1n a separate bottle. After the':ﬂh{[ﬁ;
asaturators Nz‘saturated wrth water and ac1d gas(es) passed
lthrough a trap to remove water drOplets.before going to the,*'”'"

's*:gas chromatograph (GC), and flnally to the exhaust llne.n'j;;_ﬂrf”““

TThe gas contlnuously passed through the GC sampling loops,;fkr;éfgﬁ

1ntervals de51red, w1thout dlsturblng the systemQ,fThe Pres‘;i?ﬁ%}f:

Li,fsure in the f1na1 saturator was indlcated by a mercury or ;ﬁgff:tf

”'sure was belng malntalned quuld samples were withdrawna

'"f;sfrom the last bottle by a back forctng method to be describ’

»Lgded later.3;'iffjf;_ff'pfdésdfgfi};;fxf,fflv
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'l-dpolyethylene’plastlc because the vapor phase had cooled 7"'

bottle tO the manometer.

‘ L] g . »

'd". .
i
‘All 1nterc0nnect1ng llnes were of seamless stalnless

nsteel tublng except at 1nlet and‘outlet of the gas washlng v
. bottles wh1ch ‘had glass ball and socket - ]01nts. Glass and‘\\
?”metal were connected by Kovar—to—boipsillcate glass
'seals Only stalnless steel valves and connectlons
.were used hecause of the corroslve nature of the ac1dngaSes

(espécially H2S)_andrthevamine solutions;-vx

r

-Glass tublng fused from the side of the bottle and
n‘reaching the’bottom of’the~bottle5(from-inside) was

used for falllng and dlscharglng of the amlne s”

-These llnes too were conéected by Kovar-to—bor051llcate"

glass seals to stalnlgss steel tublng through a ball and -

socket 301nt. The operatlon of fllllng, dlscharglng and

cleaning of the hottles w1thout emOV1ng the apparatus from
the orl -bath will be descrrBEd later in the sectlon on ex- f
'perlmental procedure;bl-' fl;' o 'uw:;' B o .- R o

The traps used before the GC and the manometer to
nremove condensed water drops were srmply 250 ml erlenmeyer
.flasks w1th a srde arm. Wthh served as an outIet 11ne._ The
'1nlet stalnless steel tublng passed through‘an a1r t;ght
Arrubber stopperu, The outlet,ilnes from the traps were of

I

“fto neat- room temperature.\ The trap near the manomet@f'was

'fused to preVent any vapor from reachlng the column of merﬂ

‘"fcury 1f a leak developed ln the llne connectlng the last

Do : o e Lot e, o Lo P . i
e L : AN L e - . _' Lot
"_I . . PR O e S i g

5 '..




For indication .and approximate measurement of gas

flow rate through the system, a”rotameter was used before

Eégthe carrier gas entered the saturators. A similar rota- :
‘ fb €§Meter was 1n1t1ally used before the gas: entered the GC,
: but this had to be replaced by a soap -bubble flow- meter,
because of the moist nature’ of the gaS’whlch caused the_
E;xlndicatorrto stick in place at low flow rates. A’flow _
fggneter is de51rable after the GC because in the event of a
“V leak in the apparatus the tw;/flow meters (one before the
| ’saturators and the other after them) would glve dlfferent
v flow rates. The soap bubble flow meter (after the GC) was '
found to be.adequate.. The only dlsadvantage~1n u51ng a - |
3oap bubble flow meter was that 1t sometlmes affected the
pressure in the system 31nce the llne to the exhaust had

A3

to be closed to dlvert flow through the bubble meter

o

o

lThe saturators were mounted on a.stalnless steel

platform W1th a heatlng coil surroundlng them on supportsﬁ
from the platform This assembly was 1mmersed in- oil but o
all the valves were above ‘the oil surface and could ve f |
reached ea51ly Fllllng-dlscharglng llnes and the 11qu1d:.ﬁﬂ

. sampllng llnes could also ‘be reached con ntly.
- . . ) l . .>® N ) l. - : . . ! . ‘ -
The bath con51sted of ‘a3 foot X 2 foot X l 5 footj

&

rectangular stalnless steel contalner contalnlng about 40

gallons of Grade-30 motor (mlneral) 011 as the heatlng



™

medium. fhé-ou&er walls were covered by styroroam lnsula— .
‘tion .and the'bath was enclosed‘in‘a hardboardbcasing. Aoi;’
tation of oil was obtained by a stirrer rotated.by‘a: 0.25-
. HP electric motor mounted on the cojer'of'the bath. Heat-
ing was accomplished by a 1560 watt; 220'volt cflindrical
. -heating element (General Electric) which was screwed. :
into the bath about 4 1nches above the bath floor The f»
'”heater was connected to a Hall:halnen Instrument Thermo—
’_trol which controlled the' bath temperature to w1th1n
+0.01°C. “The sensor'from thertemperature controller was‘
: passed into the 0il through a hole 1n the bath cover. ~ﬁ‘he
temperature of the bath was 1nd1cated by two pre-callbratedt'
_thermometers one 1n the mlddle and the other at the end of |

the cover.
Ty

lThe gas, 1nret, gas qutlet and the llne to the mercury
(or water) manometer came out of the bath through two holes

in the bath'cover. These llnes had stalnless steel qutck-

connects so that the apparatus 1n51de the bath could be 'f;“lf¢h*”"

gdlsconnected convenlently whenever-needed._ A small 11d *;dyf;;f»

]ust above the sat#rator assembly allowed access to the 1Q.f{.;_5]:

“l‘

| valves and for- 11qu1d sampllng, fillrng, discharging and};d}r_;”

cleanlng of saturators.5 At 6ther t7mes the 11d was keptff”"T-“"

I

_ closed to mlnlmlze the escape of oil vapors..\"”
. . . : . . . [ :
, ,1"



:a) Start-Up:

_D. Operating Details:.

@

Y

The bottles were fllled w1th desrred amlnefsolution
o

and lowered on the stalnless steel platform whlch held them'

in place.' The ball and socket 301nts were properly greased

‘(w1th Dow Cornlng htgh wacuum slllcone grease) d'w

clamped The whole assembly was lowered 1nto the oll bath

with only the:inlet outlet and manometer llnes comlng out

14

of the top of. the bath through two holes.. These llnes were -

”connected to the manometer,_lnlet gas 11ne and outlet llne

' to the GC, through qulck-connects.- At thlS t1me all the
. \ .

’

valves were 1n the closed posrtlon. The stlrrer was turned

- on and after some turbulence ln the orl had been obtalned

: —the heater albng’wrth the thermotrol (temperature control-’

‘ ler) were turned on.. The thermotrol readlng was set

through a callbratlon curve obtalned earlrer.t It tookwa

few hours for the bath to reach a deslred temperature.} For f;'
E example,lt took about 6 to 7 hours for the bath to reach

- lOO°C fnom room temperature.zgﬂ;il?fl

N

b)_dEStdbiishment of-equilibriﬁﬁsdrt

Once the temperature of the bath had reached a Steady

A

value, carrler gas (N ) flow through the saturators was J"”

HEPER
lrstarted. A nltrogen pressure of about S pBlg was first

nfs » Then valves 1 2 3 4 5 6 and 7 were opened in }f

1 .



. : T, LU . . o
that order. A'small change in mercury level in the-manometer,
M-2, showed that gas had started flOW1ng through the system..
Also the rotameter showed flow of N2 thrOugh the system.;.
" Now valve—l3 was opened and then valve-? closed, to measure
the flow rate of carrler gas through the saturators by the
soap- bubble meter If the flow rate was. above 15 ml/mln‘Q
valve—l was closed sllghtly until the rate reached about
'thls value.‘ The flnal flow rate settlng was obtalned by the
htflne—meterlng valve-ﬁi ‘A N2 flow rate‘of about 10 ml/mln |
'“was found to be the optlmum Once-the.de51red flow rate
_had been obtalned valve-7 was opened agaln and valve-13
closed Valve—8 was now opened to connect the last satura{,f“‘whu'
tor, B 3, to‘the manometer, M—l, whlch gave the gauge pres—d:izifﬁd

-igsure 1n B-3 - .[

For temperatures up to. 80°C,‘ N flow through the

tamlne solutlon dld not affect the amlne concentratlon much"*‘“ﬁ

!

nbecause the partlal pressure of 2 5 normal aqueous MEA soleffd

utlon is about 2 8 p51a7.-at 60°C and 6 6 psia.' at 80°C. 7;;:i_f

”About 4 hours were. allowed for the N2 to flow through

"j the saturators. After that the gas comp031t10n was

““h'most the same equlllbrium had been established To make

Qmonltored every ha1f~hour u51ng the GC. The gauge pressure}f“l;
‘ from M—l was. also noted each tlme.. When two identical GC

ianalys1s had been obtalned and M-l readings were also a1;‘1~1?”“’

'jsure one hour more Was allowed and M-l and GC readings




/\
-:taken aga1n If these readlngs were 51m11ar to the prev1ous

_ones establlshment of equlllbrlum was confirmed L1qu1d

samples were now taken u51ng the method descrlbed later

For a temperature of 100°C the partlal pressure of

.2 5 normal aqueous MEA solutlon was about 13. 7 p51a7 whlch

was. slightly above atmospherlc pressure.fvTherefore to :r'

'av01d exces31ve removal of water and hence appre01able ”_

“change in- amlne concentratlon an absolute pressure of about

,AlS to 16 p51a was malntalned 1n B—3' Thls was achleVed by

. c1051ng Valve~5 sllghtly in: comblnatlon w1th valve~6 to _—
_*malntaln a flow rate of carrler gag around 10 ml/mln; uine;fifﬁffw
.the case of 5 normal.MEA solutlon the part1al pressure of

water plus MEA was about 13 p51a7.. Therefore,_an absolute
zpressure of about 14 5 to 15 p31a kept the amine normallty f};;:f;;
h%nge wlthln de51rable limlts.‘ N2 was allowed to flow B

r_;through the saturators at 10 ml/mln for about 3 hours be-'”

‘;fore startlng the monltorlng of the vapor phase. Monltor-

flng was contlnued every half hour untll con51stent read1n99 f?f L
B ! \.,

-were Obtalned. A close watch was kept on M-l to make sure

"Vg;that gauge pressure dld not vary much between monltorings ,'5ff\f¥

| ?because a change in pressure dlsturbs the equlllbrlum.. fﬁ”;’r““V

[ N o

S Mlcrometerlng valve—6 was used to ma1nta1n this pressure

'zj{-to a near constant value. Once two consistent readlngs of ‘:f{a{

e

'ffﬁGC and M—l were obtalned equllibrlum had been reached andf§7fiijgi

v 11qu1d sample was now taken.? The tlme needed to reachu3;‘f;h77

SR



17 .-

K] - .
equlllbrlum depends on the ac1d gas concentratlon in the
11qu1d phase. For hlgher concentratlons 1t usually took "s;f
» i LT

about 4 to 5 hours 1f the gauge pressure in B—3 was maln— h

"talned around a- certaln value.; For lower acxd gas concen-‘

_tratlons a llttle longer tlme was. usually needed A(~5:

gc)-erguid sampiing:

. e ) R -'h)~~*“-;_, S
Once the GC analy51s of the vapor phase had shown ;tzgﬁjg_;f

'that equ111br1um had been reached and also a readlng of the
. manometer, M—l had been taken, 1t was t1me for obtalnlng
a representatlve sample of the 11qu1d phase.. Saturator B-3 5~afh;*

»_was the one w1th wh1ch the gas phase was 1n contact }ast

- ,and hence the 11qu1d sample was w1thdrawn from B-3-i To do ct,”ﬁ =

’ '}1va1ve-1o was. now opened quuld was forced through the

'g{frltted glass end 1n B—3 through valve~10 and into’a llquid

":flflushlng about 10 ml were collected 1n a liquid; ampling

-thls valves 2 4y 5 and 8 were closed.d Valve—9 was ‘now A:fﬁ'

fj'opened to. apply a: Sllght back pressure on the llquld ln 3-3'".v¥?V2

.”‘:sampllng bottle at port, p-lO. The flrst 5 to 10 11 of the
o f?'sample werc; disca’rded since they had flushed the 1 ne and -

,contalned some drops from the preV1ous Sample.’ After thiS‘f"'

" bottle which was then stoppered and allowed lto coo"' to room’

e

'V*temperature before chemical analysrs

o -'Di’écﬁa,’-’éiﬁé-‘r~“f"?llé'eﬁ:i'iiéj;:énaf-.‘ﬁéﬁﬁilféii!‘.g‘"° Satubutors

To dlscharge amine sclutlon-_'}53

Ahpln the order.; B-3, B-2 and flnally B-i. Yads




hvj’;fwas now connected to p-lZ and valve-lz was opened for B-Z”fﬁfrjb_?

!'”'1nto B—2' After B-2 had been charged valve-4 was closed

18
'the_three-waydvalwe-lzafor;bedfwere opened‘t?Alb thehother.:\
'pvalvesdexceptil'wereaclosedhearlier;- The discharged solu—‘”
tion was collected 1n ‘the fiZZtng bottle or’ a. container at
'r.port, p-12 Once B~3 ‘had- been emptied ﬂglve-4 ‘was. opened ﬁ"
'v'and valve-12 was/€~rned towards B- Contents of B-Z were.ji fwi,
again collected at port p-12.' After B-2 had been emptied L
'fvalves 3 and then ll were opened to discharge the contents of
B-1 at port, p-ll -' S L :f': e | ',?. } ‘ RS
Fllling of the botties could be accomplished 1n any

71 order desmred. To flll B-l af%llmng bottle was connected

'hto p—ll. Valves ll 3 4 5 -6 and 7 were then opened in
df thlS order. Amine solution.(or cleaning liquid) was forced
‘1nto B—l by app1y1ng N pressure above the liquid in the |
gg'fLZZzng+bottZe. Once B—l had been filled w1th a desired

ffsolution,'valves 11 and 3 were closed._ The ftlling-bottle

..

s‘a éipressure on lquid, 1n the szZzng-bottZe, forced it

7-i*and valve-lz opened for B—3‘i B~3 was filled in the same

"“Q‘;(or amine solutiOn) was pushed into each bottle using the

ffpway as the other two bottles,7;7f73f75*

For cleaning of the bottles warm distilled water

tyfpfdure described for discharging




- 'E. ‘Analytical Methods: 7. hﬂj',l">' . : ;f‘ffff'

‘a) 7 Gabs'.'Ph'a_ls_e Ana-]v:;y‘Si_s_'.: -

.quuipped w1th a Model 1750A dlSC integrator recorder was

”3h5for HZS and 110°C for CO2 or for CO2 and H S mixtures.{gﬁfﬂf:;dfn[

’ 5”methods which rely on the evolutiovaf 002 and/or st
'»ﬂfwere tested for the chemical analysis of the,acid gases.lf”fifﬁvihi

.f_fIt was found that for very small concentrations (less

:“EZA;HZS the evolutLOn methods are not reliable'since the
’”quantity of sample available for analysis was'small
- ;(about 10 ml) Also almost always a fraction of the acid

:rfgas(es) remained 1n the liquid no matter hOWzmuchftheﬁww

19

5 Note that when the saturator aSSembly was at a high
‘ /-

temperature (above 80°C) cleaning liquid or ‘new amine solf‘;;-
.:ution was warmed before charging to prevent cracking (or

“/breaking) of the glass due to sudden contraction. '

o @

B A

A model 5710A Hewlett-Packard gas chromatograph

_1r‘used for a11 gas phase analyses.‘ The column was a 10 ,
'f‘foot long,io 25- in. 0. D stainless steel tube filled with fffﬂf

'lCHRomosonn-104«packlng., The column was kept at 130°C

R *z-g},:ff-ﬁ/<:~’*"““
fquid Phase Analysis. d; fh*ffdjhéiﬁff;ﬁﬂffffr7ffﬂffdj;ff

In this work both direct titration methods and

“'ﬁffthan 0. 1 mole acid gas(es) per mole of amine) of Cogiifrtiiinﬁitffa

s
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technique was refined. A brief descriptibn of the analysis - -
: methods'triedffOIIoWS:—;._ - sfv“f;.'-:',‘~" . if;

- Method-1: .-
ethodL:

n Dow Method, Iodometrlc Determlnatlon of evolved st'injf'
| HES was evolved from an allquot portlon of the lquld :
.:sample by addltlon of concentrated sulphurlc aC1d and bo1l-7hy3"
1ng., Purlfled air was drawn in by asplration through the;jlhh

;hevolutlon flask carrying the evolved HZS through a refluxrfff?fh%.

N

' :condenser, then through a gas scrubber contalnlng a known'_fffff;f

o volume of standard 1od1ne solutlon., Excess lodine was

-

: determlned by tltration wlth standard sodlum thlosulphai j;;i*

o : N U

~usolutlon.-f:ﬁl‘~
'Af=hMeth6d;2éf,"jaéf~*~'“" X

H S by IOdlne-ThiOSUIPhate Titratlon-- : The methOd “:‘: .-j P

'"}15 that Outllned by Koithoff and Sandell An aliquot

"7°ffport13n Of the llquld sample was put into acidified iodine n~f73

.u%SOluthn. Excess 1odiné was back titrated using standard‘ﬁ'f¢ff*

'ifsodlum thlosulphate solutlon., Sulphuric acid in iOdlne

fjlﬁ;'per mole of MEA..

/

'h';Sh°UId be. at leaSt 18. moles per mole of DEA or 11 moles :’:

. _._“

- © . HyS by Arsenite-Todine Titration’:- Here Arseniots




-sulphlde was prec1p1tated by HZS and the excess arsenlte B
‘”“was back tltrated u51ng 1od1ne solutlon. The reactlon for
"thls preC1p1tatlon is:

[

,, As~2o3 + 3H,5 —e Asz_’sa"+lp3gzo

: The problem w1th thlS method was“t t a 1arge;v lume

Y e

results._;*

Wlth about 2 to 3 ml 11qu1d samples reproducible results}if I
ipwere not obtalned .'d- ;'v SR .

Meﬁbodé 4. .

: -..A‘_ '

H S by dlrect I titratlon.r An aliquot of f“fpré?;ﬂ;;*;?-

. d;"was titrated dlrectly w1th 0 1 normal standard 1odine

;”fthrough a reflux condenser by purified a;r drawnlin

’:f;f;of 0 1 N Barlum Hydroxlde (Ba(OH) ) The””xcess 93(03)*

-Vfglwas determzned by titration with 0 lynormaljhydrochloric

“fsolutlon 1n a medlum buffered with sodium blcarbonate.:d‘lh

. } D°W method fOr CO O 002 was evolved from an ali—?f;f;lii
dfquot portlon of thb sample by addition of cOncentrated

ifsulphurlc a01d and heatlng., Evolved CO2 was carried

f volume

;rthrough an aspirator and then absorbed 1n a knt




Pl v|..
espec1ally for very low concentratlons of Co2 : Since a”
large llquld sample was/not fea51ble, thlS method was dis-v'

| carded

Methoa—G: .
CO2 by prec1p1tation as BaCO3-~ The co2 in an
aliquot portion of the sample was precipitated as Barium »‘.n'
Carbonate (BaCO ) in the presence of excess Barium Chloride
(BaCl ) | The solution was filtered and the BaCO precipi-'l;
| tate was titrated with 0 1 normal hydrbchloric acid uSing :Jijfiiﬁ
i _ modified methyl orange (Methyl Orange Xylene Cyanol Tl E

. solution) 1ndicator.;

| . Determxnation of Amine Concentration-5 The amine
o concentration 1n the liquid was determined by titration of ?:"L
an aliquot of the sample w1th about 0 1 normal sulphuric

acid solution employlng;methyl red as an indicator.qiffﬂ.cf

. -

R °V?"Z~.7;fs;.t7-%.._,.J;,,,\_ﬁwly;' S o |
As mentioned earlier methods relying on evolution e

: f of ach gas(es) were not reliable at very low concentra-'i__f{f-fi»

d’t?‘ WaYS gave a larger'value of st COmp081tion in the amine -

tions of ac1d gases in the amine soiution.ffrhereﬁdﬁej

Out of the direct titration methods for st’/hethod-gk:i‘f?




.}”'17c0 determlnations.,_ﬁfffﬂ-fun-i*"’
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1

(Methdd?zj' Data 1n the llterature were reproduced w1th1n
' reasonable lrmlts using the 1od1ne—thlosu1phate method whlle

f:w1th Method-4 the HZS partlal pressure was always lower

* for the determlned HZS comp051tlon u81ng this method._ Thisff7-ii

1nd1cated that 1iqu1d phase HZS determlnatyon was lncor—-

‘rect in the p051t1ve dlrection 1i. e., Method-4 always gave a"-~a

hlgher HZS comp031tlon than actual.. Later xt was - found

',that thls was due to. the fact that somie iodine was used up

.by thlosulphate (S )present 1n ‘a sample.; If the amountff{

deof 1od1ne used up by thiosulﬁhate was determined and then

‘subtracted from the total the iodlne consumed by st was h;?=5f"”

to. those glven by iodlne—thlosulphate (Method-Z)‘method._

o slnce rellablllty of 1od1ne-thlosulphate titration has beendf;ﬂgjf

rconflrmed before14 and 81nce determlnation of thiosulphate{%“"““'”

ixﬂfiin°af¢%“*ﬁu> fqulte cumbersome, the 1od1ne-thiosu1phate

«or co2 Method-s was found to be good t

'ta%

fvgy cumbersome., Because of absence of any

,_%fable and less cumbersome technique for coé “5g_,,

\g‘uanalysls 1n the 11terature, this method was used for-a 11 8

dobtalned Thls gave results whlch were nearly identical \} SR

“}) was adopted and used for a11 the Hz rtf35°f

,ata in the 11terature reasonably well and also?_._ﬁ;jf'

#””ble results. Its only disadvantage is that';f@fﬁrf;




| ~a'c1p1tate to settle down somewhat. The flask was then
"a:stoppered and_cooled under cold tap water for about ten

"Zminutes."Three 7 cm 41 Whatman ashless filter papers

‘The method used for amine“analysiS‘is the one used'

by Girdler Corpdration, Loulsville, Kentucky (SM—lM for

MEAr(SM~lD»for-DEA) This method was tested by preparing a -
standard amine solution and was found to be very accurate L
Aand reliable." »; ;5p '
G. - Details of,thepMethodsTﬁsed'for'CQZ;-HZSvfi_ . -_Q'y
. And Amine‘Determinations:fi.y“ T ':-n"'f_fﬁy ,{y_w"‘{f
a) co, ‘Determinatio'n:"»_(.M'ethod'-’__s,) f o o

°. ?rocEdureai About 20 to 25 ml of distilled water

was heated in a 250 ml erlenmeyer flask Once the water :

'had started boiling approximately 2 grams of solid BaCl2 |

"were added The flask was sw1r1ed to dissolve the BaClz’

"_Immediately by a syrince 2 ml of the sample solution was f*:‘
-added to the’ flask The flask was’ removed from heat and

”’ﬂallowed to stand for about five minutes for the white pref'?_?“

"vwere placed in series 1n a 7 cm Buchner funnel placed in ‘. e

L large erlenmeyer flask with the sidearm,attaChed tO a Waterfgfiﬁfffr

"7ifasp1rator. Slowly the precipitate was poured on to the:b":h

7a'"f11ter papers.v The flask Qpntaining the precipitate was

V_ffwashed with two 25 ml portions of distilled water,. Each,:cda"

“l-gu,washing was’ transferred to the filter paper. The ﬁiltratef{;;p_‘;?



‘ p01nt

;'v‘CJDEA Qhould be at least 18 moles H 804 per mole of DEA and d:fe{j.
Aﬁ_ﬁ711 moles sulphprlc ac1d per mole of MEA) The@paqnetic\'f a
_ thstlrring bar was now put in and by a Syringe 2 ml aliquot‘fffﬁjﬁ’

'7iof sample was added while stirring.; The excess iodine wasi;:fﬂ

»

lwas discarded | The fllter papers w1th the washed prec1p1—

tate were, transferred to the erlenmeyer flask which had

the prec1pitate prev1ously and about fifty ml of dlStLlled.'
‘water'were added to it. The’ contents of the flask were | o
'sw1r1ed w1th a- magnetic stlrrer, unt11 the lter paper :

had been torn }nto small pleces (this puts almost'alllthe'- '1.v;(
‘pre01p1tate 1n solution and therefore, 1t 1s easier to tlt- |
'rate) ‘Approxlmately five drops of modlfied methyl orange

| 1ndlcator (Methyl Orange - Xylene Cyanol solution) were ,:“

| added to the flask and’ the mixture titrated w1 h about 0 1

*w’

"normal hydrochlorlc ac1d The mlxture was tltrat
“ B

vgrey endvp01nt Any barlum carbonate prec1p1tate>stick1ng

'-to the 31des of the flask was" washed down with dlStllIed

_1water and the tltration continued to the same grey end
. . ‘. . 'Zzajv . . TR

b)Y ~H‘2s 'foe'temnatm' (Me_'th'odj 2) e

Procedure. 20 m1 of 0 1 normal standard 1od1ne

*

'fhsolution was pipetted 1nto a 500 ml erlenmeyer flask. Thegidr‘;fi-

.h:proper excess of sulphurlc acid for the 51ze of amine

s

sample aliquot was added (The ratio of sulphuric acid toffftfﬂfff

back titrated with standard 0 l normal sodium thiosulphatevdff;iiff
o i A L
ﬂjsolutlon to a light yellow colour.: About 5 m1 of 0 2 _,Q;i"*'f
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percent starch indicator solution was now added and'the
titration continued to. the chenge{from blue-black té . - '}

wqter-white,COlour.-' N _ B ;.
c) MEA (or DEA) Determination:
. Procedure: To an erlenmeyer flaékfcenteidinéﬁébcut‘~

100 ml of distilled water, two ml. of sample solutlon were
‘ _ , .

added..NA few drops of methyl red 1ndlcator were added un- o
S til thefco}eu; Was.dlstlnctly yellow._ The solutlon was-
then'titfated;using ca. 1 normal{Fulphuric ac1d The end

ppint'was'indicated by change 1n colout pf solutlon from _"'

.,¢
iy

yellow to pink. . .~ - ST



&

< CHAPTER II .

EXPERIMENTAL RESULTS AND THEIR COMPARISON
o \This chapter presents in graphioal'form,.theaekper—’
mentalhdata ohtained in*this work,vi - .
To test the apparatus, 1n1t1a1 measdrements were
' made for condltlons of solutlon strength and temperatures
for whlch some data were avallable 1n the llterature.{f |
Measurements Were made for pure HZS and pure CO in 2, 5 N -

MEA at '80° and 1oo°c., For the ‘two 1oo°c isotherms and the T

‘80°C 1sotherm for H

2s, some data points, for low loadings "*;‘“

o of agld gases (ca Q. 1 moles/mole of MEA and less), have

33. :

.beeﬁ Obtalned by Jones et al. 9, ‘and Garst ‘and Lawson ~s§j R

I‘These p01nts have been plotted on the same figures.f In thls f:f‘

‘work, data were also obtalned for mlxtures of 002 and " st
. in 5 N MEA at: 100°C. The;loadings of HZS and CO2 were less

tham ca' 0 12 moles/mole of MEA For these low acid gas ot

N W
concehtrdtlonsg no- data have been published to date. _‘dj’:

- | :__Aﬂ IS ,_03_ A
- Flgures 2 and 3 present the 80°C isotherms for
pure st and CO2 1n 2 5 N MEA Figures 4 and S ahow the

i

.~>:100°C 1sotherms for pure st and co2 in- 2 5 N MEA Smoothsf,Z;_?

' ed mlxture data, for 002 and H, s in 5 N MEA at 100°C, are
B plotted ln Flgures 6 and 7 : The raw experimentaI data are Efff

" tabulated in Appendix B.

w
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"'=~}containing either st or 002 in7aqueous ethanolami;,t

 CHAPTER IIT. o
‘THEORETICAL PREDICTION OF PARTIAL PRESSURES OF HyS and 0,

SRR

Whlle the solublllty data are useful in themselves,s :.i_d

-

’\lt 1s deS1rable to have a computer-orlented correlation ,f'

Whlch reproduces the experimental results._It.would also be:;f;If

‘”useful for reglons where no data are presently avallable.s

.-b

A nuwber ‘of researchers have attempted to correlatef;Tfhie

f,the solublllty data for CO2 and/or HAS 1n ethanolamine solvjx'td*f

2’

o tlonS.. A common starting point for all the thermodynamicadeVFV‘

tjfmodels proposed so far 18 the postulatlon of reactions oc-f;; !:ff5

:7*ﬁfdcur1ng in the solution.i For simple systems, L e. systemsh‘“v"




compared to the experlmental Ones for a glven set of condl—w*

'«5t10ns was not 1arger than 20 percent of CO2 part1a1 pres-._;

“.'sure. Theoretlcal treatment of equ111br1a for the absorp--

L \_
"tlon of CO2 1nto aqueous ethanolamine solutlons hds also R

'-been.dlscussed byDanckwertsand McNeil4
13

B More recently Klyamer et al.'. have proposed a'uin‘>

'thhermodynamlc model for pred1ct1ng equlllbrium part1a1

| pressures of ac1d gases 1n aqueous ethanolamine solutions.;aff;g{

‘“-fThey have obtalned equatlons whlch describe the funct10na1 |

.\

"]fdependence between the part1a1 pressure of the acid gas

*.themperatures.u in essence, their

‘fpﬁ&xent and Eisenberglo presented"“mod fie;

*', leyamer et al.ﬂ

?bomponents and the composition of the solution at varifus“"}'”J

IR

12 modl o




o S g '. P o S  ‘3_61 _ _

[y

T A-;:Correlatlon Based on the ThermodYnamlc Model of
13 S v . .

' K;yamer et al

dtThe;aSSﬁmptiqnsamade in Péstﬁlatingfthe ehemica;d;»

Teactions afe,liétedfbelqﬁ:' s f.
‘) The salts (blsulphldes, carbonates and carbamates)
'whlch are created by the absorptxon of HZS and CO2 are |
'fully dlssociatedl r11, 12 AEEREE R o

'v'\v'

_;:tb) The act;vxty coefficients of different 1ons in 801-;jdltffr

3

autlon are equal and Lndependent of temperaturel.zﬁsjffu};a:»'I;;]r:

c) The act1v1ty of ’_.wate: ; 1sequa1toits molarityl IR S

';warltten.lfjf;




e (ox Electroneutrality) equation

L 3T§ﬁﬁ§i¥tnff fgnco ]+[RNHC00]+2[C0 1+[on ]+[ns ]+2[s¢

e,

T Mass ‘balan

’zi moles of{CO /mole ofvnA

L

'“cfk;»«‘; moles dffnzs/molefo_,na
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[C‘] = moles of comp0und (or 1on) C. /1000 gm Of o

) Water (Molallty)

The fOllOWlng thermodynamlc equlllbrlum constant expressions

can. also be wrltten.j B 'Q'__ o o f;_ Lo

= Y-.IH 1?Foafl;”"*?"‘““7“27l*ff*ffifff(ﬁ)gﬁkiij

“* r “‘S R

. K N ul [s ‘L ‘.
5 [HS ] :

“2

[RNH ] [RNHCQOI;;fff o

B [RNH2

| 9,:

m
ll

[H l [HCO ] '*?;&,;a
[COZ] RIS

5%-,.-ﬂ,.,, .

Y [H ] [co

*. ‘.A- .'..'. ..—V..
"

[Co ]




-y

O

‘-.lC

WHERE . | IR | A
[RNHCOB] , - [HCO1, 10,71, s[co“h (5,81, tanix*-l.

[RNH 1, [on I [n ], [ﬁs‘]lah& [s "1 are respectlvely, the ”

R

o concgntratlons (molalltles) of the carbamate, blcarbonate,

) A\

39

carbonate 1ons, the phy31ca11y d19801ved CO2 and st, con—ﬁh"

centratlons of ionlzed andunmionlzed ethanolamlne, hydroxyla

1ons, hydrogen 1ons, blsulphlde and sulphlde ions.r_Péba R

NG

and P
HZS

) 1vely in mm of mercury. Koy KlY'-KZY’ Kso K HCOZ' ngs"'

Lm
4

are the part1a1 pressures of Co2 and st respectai?;*f-

and K2 are the eQuilibrium constants for the formationfff';

of the carbama;e,‘the flrst and second dissociation con— fff;5}lw

|“’

g stants for H2C03 (carbonlc acid), EA ionization constant,;h;}ffh

water dissoczation constant, the znverted Henry s constantsfrﬂe;

for co and H. s solubility in water, the first and second

2

- 27
: constants for HZS dissdgzation._ The average coefficient

.*{fv water.xv’ o

{;“? can be taken as the same for all ions

for the 1on activ1ty is given the symbol Y. a is the“coef-;.A e

f101ent fOr the water actlvity and a is thefratio between;;}fﬁ”#

thennveonlzed ethanolamlne aetivity and the activrty of

"1

AtWOOd et al., have Shown that for-thewaystemw-w,;

H2sbwater-EA the f°rm °f the dependence of“th average e

value of the activity coefficients on their concentrationf
'#;xlyamer eéggl.‘

have accepted thls dependence of the average value of




‘activity coefficient of all-ions on the ionic concentration

for the system HZS C02—water-EA by the formulatlon of equa-

tlons (5) o (8) and (10) to (12). Atwood et al.1 obtained

¢

'the‘average valde of act1v1ty—coeff1c1ent, Y,‘by assnming.,f

N - | ‘ .
. that the amlne salts are 51m11ar to ‘ammonium salts. They

' Py

have correlated Y as a functlon of 1on1c strength of the

solutlon..'The ;ongc strength, U, rs-deflned as:

'm, = molality. of each ion.

zi'=-e1ectrical'charge onteach'ion,

'-'I‘he values for the dependence of the ccrrection factor, a, _on -

'the concentratlon of the free ethanolamlne and the values

.'and H, » in the range of temp—

Al°f Kor ch' ch'>sz' Hco2 2 P, ©

'_eratures 25 to 120°C. were taken from the work of Atwood "

'.et al l

s -

ﬂature have been taken from earller publications11 12

The ana1y81s of equatlons (l) to (13) 1eads to the

"conc1u51on that the. most 1mportant parameters which enter

40

Values of K , K and K1Y as functlons of temper~f o

'into many reactlons are the s0 called degrees of sulphida—' R

,,tlon (x ) and carbonatlon (x
o 2 :

that the concentratlon of the ions S

coz) It.has been shown 'h

2= and H can ‘be neg-‘

”'1ected for all practlcal cases in: équatiOns (l)*to (3)11 12

"It is necessary to take [CO ] and [OH ] into accdhnt only

'hat very low xC02 or X st (ie. fdr x or xH S

{



approx1mate1y equal to 0.01. mole/mole of EA). . If these =

51mp11f1cat10ns are taken into£:ccount, the 31multaneous»‘__‘
:solutlon of equatlons (1) to (13) allows derlvatlon of
expre551ons for the calcuLation of- the equillbrlum part1al
' pressures of co2 and st if the llquld phase comp051tion
and temperature are known. These expre331ons (as derlved :
1n.Append1xaC) axe: | o . | | |
P = ——— ¢ e ——— Seeem—ee(14)
2 K, Ky, H.. aa. ;{m-zfA-Bj - o

,"U'
I

’ and T R
| Xy Kyy Heop oz
¢ a(B-z)

where

-and: |

: ;._-[mcoa]:- .

N
B

e
'

Equatlons (14) to (16) have three unknowns, P ' P
| H S CO2

- and zf({RNﬁcbéj);» Slnce these equations are melic1t in'h";b C

5 . ’ff'f,v'ff ‘ ,
VHZS and PCOZ [a *’f(PHZS2" B = f(P 2)], iterative



techniques have to be used for theit selntion, 3

For a degree of saturatlon of soluthns smaller 1,f

‘than 0.7 moles/mole of EA, the phy81cal solubillty of: HZS
'and-COZ can be neglected in the balance equatlonsl 11 12

- It can also be assumed that for XH s plus XC between
=2v .

,0 05 and 0 7 moles/mole of EA, CO2 w1ll exlst as. RNHCOO

a2

and H€O3 ions and .S as HS~ 1ons.= If these sxmpllcatiOns-fv

2"

"‘are taken 1nto account, equatlons (14) to (16) can be sim—i.

pllfied to , 'fl’

-——-—-L———- i

SR VIR

3 €%

(18)L7:'
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4
{ b

Equatlons (17) and (18) can be further 51mp11f1ed

-ﬁwhen X plus X,  are between 0. 05 to 0. 25 moles/mole .
_ H,S Co, | *

of EA (concentratlons characterlstlc of the regeneratloni'-

' process) For such cases the blcarbonate lon concentratlon .

'can be neglected,’and lt can be assumed that CO2 ex18ts fhh o

; only as carbamate 1on. Therefore,hlf in equatlons (17) and :

#’
(18). [HCO ] = 0, the followxng expre381ons°are obtalned.

P . ‘= S ———— - .. -,_,I.l . L - -

2 KKl g e f(l'fggnzs;5§23062¥"?~gtf_3

B R xc05}fxsés5*r¥coi)
o Peo, Tt TE T
%k ata Xy g = M )t

' These equatlons are much 51mpler than equations (14) to  {;.ﬂf§§
'(16) or (17) and (18) and,,therefore.\can be used for ;:33

- rapid estlmates of part1a1 pressures of the acid gases. L

| L If only HZS or. CO2 lS present 1n the llquid phase. ;Yi-  |
equatlons/(l4) to (16) can be rearranged to give an expres—.»jfff{

or P, ”; If x 47 = 0,“1 e. if only co is
f‘; present, these equatibns reduee to the following form '
4;;., : - \

1151on forvPHZS

* ~/ e ﬁ?’ SR B
7 (B .'fﬂ)'-' e

i 902 '

K

N




’::3Q}temperature and any loadlng of acld gas(esyf'

’7aj‘1br1um cOnstants have to be known as a function<of temper'

: __ethanolamlne concentrataon and average 1onLc actlvltyrcoe

"jaf101ent (y) as’ a functlon of 1on1c strength haVe to be

44

" where -,

~and |
Km W
K Ky

=
N ;
N

lY co2  ~".~.-*e*t“:f"ff'o;\f<i<ff*r'lf»;we

When XCO =‘d} i;e;Viffoniyfﬁzseis?preseﬁt;fthe3foiloﬁianof

.d 2,

.eXpre551on7for-éaléulation’Of]Pﬁ g is;obtalned;l;-

~ where

ijBoth equatlons (22) and (23) are 1mp1101t and, therefore,
 r “have to be solvad by lteratlve technlques.,ﬁjiﬁiﬁgrj»Tﬁﬁff:f?‘"”:
Before equatlons (14) to (23) can be solved fOr anyi'x”

'*Q]ture.“ Also the correction factor, a, asua function'ff fr e




B khown In the llterature 1 11 12 }3 the equlllbrlum con- -

' _stants as. functlons of temperature,.the correctlon factor,3l‘7'

' f“_expre551ons.-“

v“fgjwhere the varlahles superscripted i+fuare;thexbehter‘estﬁ

L Qates obtalned from the previous ones,ﬁsuperscriptedphl

Ia, as a functlon of free EA concentratlon, and y as a: fun-"yiff”
1 tlon of 1on1c strength have been presented 1n graphlcal B
form These graphs were approx1mated by polynomxals u31ng»;
‘ the method of Zeast squares, to be able to solve equatlonsVrj;"'
(14) to (16) by u31ng a dlgltal computer. The parameters ;ﬂ,;.fff

l"v

for the polynomlals are q;ven 1n Appendlx H.5_Q_,§f;f7~fwfngﬁf‘f

The Modzfzed Newton Raphson Method was used to

-solve the above equatlons. For each 1terat10n a better

estlmate to PH S' PCO{ and z was obtalned by the followlngfktffzqﬂ
2" : NI RTENE R S

~ ‘!{“ZS — ] H S » . AL

mememee(a)

Sl Ui

. Feo - Tl L

cand i o




‘ P

"bp‘f*;ézl:*,k7 T ﬁi

'-8f3;9v33.v a K K
- : .;]"i

'fvtlmates of PH

lfobtaln better estlmates.

'Percent- /

Equatlons (14) to (16) are rearranged to glve-‘ .

,f e ~.3KQ o a \ A(A+B)
= .}2‘J_ K, lC st e (m z—A B)

. K Az(A+B) _
= aa (m-z—A-B)7f~_'-. -

Hh
S
o

-._.l_ .

AT -‘;7‘5\ a K K

1 lY CO2

H S’ PCo and Z, reSpect1Vely, are-l?'~'
2 2 - P . . . :

(mrz-A-B)(zA+B) + (A+B) H

i

f The partlal dlfferentlals of fl’ f an# f3‘w1th respect to »:7"'

iXfiefps | (““z“A"B)

i
+
*

L ';‘.[Co.z e L Ka at oL _:_(ﬂ\‘ZfAT':B):» e :

wm

lY C02

and Pco

Iteration“w1th equation

R, 2 V-J;;z,,!‘igqé.Bm':zré{'g);if +2(m-z-A-B) (A+B)] I

e _ (m -'2z S A Al T
:15432 ;:_r ‘ Xy v ] ”,_":H,~§wvﬂ'”w
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~ B. ModificetionS-in‘KIYamer et al{'ModeI:
- a) Part1a1 pressures were substltuted b@ fugac1t1es
. 1n equatlons (9) and (13) ThlS was consxdered necessary
g especxally for low temperatures and hlgh total pressures__fp

jfpressuree-greeter than 100 ps;a) The fugaclty coeff1c1ent =

is deflnedas

* where
i*'rrRI*%fpartlal pressure of component k h

£ Jé«fugac1ty of component k

) ¢kt?:fugac1ty'doefficieﬁt~for;cOméOhentgk;flIFY*?fae‘Z;“

'“*f”The fugac1ty coeff1c1ents for c02 and HZS were calculated'p}ﬁpzf

tpﬁu51ng the Modtfzed Redlzch-Xwong equation of state. The

 frﬁexpress1on for fugac1ty coefflclent of each gas (CO or ”

,‘v H S) as presented by Chueh and prausn1t23 iS' :i

“where i



e

‘, (Qa;. +Q .

o
]
. E_ . L ‘ “ . . .
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\

w

N i
i

i Vf«@gﬁ;gyjyggjif ;%f,g{;7,Ejf&q}f;!;_mq

S ol V-b- v(v+h)_;g;»ﬂv-

o ~~.»‘:'1‘hls equatlon 1s rearranged to give--’-"‘fi»':'
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-,V.*"B. o
The cublc équatlon in z (the compresslbillty factor)

,was solved and the largest real value of z was used to °b"'ffftv

'_taln v, After replaclng P and Pc by the respectlve

st 2

”'*fugacatles 1n equatlons (9), (10) and (13), the set of

L equatlons (l) to (13) was solved simultaneously to obtamn-ef[ff;

_”'the fugac1t1es of H S and COZ' These fugac1ties were dlv—jﬁ?f*ff
h[lded by the fugaclty coeff101ents of each, to obtaln the ;;j;f,'
grespectlve partlal pressures._,{~ff;‘ﬂ;fifjiifl" ’

,Fi'.”"" e ’

"f~ffb)7:j In all the equatlons used to calculate partlal

'T-efpressure of acxd gases (equations (14), (15), (17),_(18“}fflf;fﬁf

ﬂ;fﬁfthe predlctlon ef P

‘f(ZO)’,(ZI)' (22), and (23)) the average actid&ty coefficée,f'“‘""

ffflent, Y: appears as: y2.7 Thls means that»the;”ccuracy i

CO{ and P s dependsyon_the accuracy in#ggli?f

D2 - HyS B
As mentioned earlier”y 's_a

“ihthe predlctlon of y.‘

“._lgtalned dependlng on the 1nitia1 EA,;O: en o
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\ g ,.v':\

.temperature.- Flgure 8 shows Y as a fdhctlon of 1on1c ~ o

N

~_strength back—calculated from experlmental data of Lee,,

15 16 17

. Otto and Mather ) and also of Lelbush and Shneerson%3,'

ed

‘for dlfferent temperatures and 1n1t1al DEA concentrations..

t

The thlck llne shows Y as a functlon of 1on1c strength f;:,:

*obtalned from the work of Atwood et al.;t As 1s ev1dent

",:'from thlS flgure, Y is not.only a functlon of 1on1c strength,

's,but 1s a}so a functlon of 1n1t1a1 EA concentratlon and temp-ﬁ”
’~erature.‘ It can also be observed that Y decreases £irst ,df‘f
.x.;and then 1ncreases as the concentratlon of 1ons in the |
;solutlon 1ncreases (1 e._as 1onic strength increases)._x
'Wlth 1ncrea$1ng 1n1t1a1 EA concentratlon, the 1nf1ectlon

.Fpoxnt moyes towards hlgher 1on1c strength Theoretlcally

‘ _th1S\type of behav1or 1s predlcted by-the Debye-HuckeZ

‘fTheoryS ‘ From the f1gure 1t can also be observed that the

tsftemperature dependence of y for the same 1n1tia1 EA concen_};e‘?

'fftratlon is - small.f In conclusion 1t can be sald, by“observ~ fi{Qg

5;3171ncorporates the effects of temperature\and i’iti lnEA'

‘TVfgconcentratlon, 1s therefore, needed

“frlng Flgure 8 that the simple relationship of y to3ionio-¢g

';strength 1s 1nadequate. A oorrelation for Y whiqhﬁ’lso

'-dgiy vs 1on1c strength The expression of Y can be wra ten
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: y ceii (u) r . xHésA+ hCOZ? <.0.2 moles/mole of gg - ;ﬁééff.

where._g

W= ienic strength " = .

M

temperature

T

1n1t1al EA concentatlon

m.

The expre551ons for f1 and f are g1Ven ln Appendlx G. o
’ 'S

It was observed that the predlctlon of experlmental data Vf,i

- was not satlsfactory w1th the emplrlcal function, when

0 plus xH S was less than 0 2 moles/mole of EA. The L
. 2 :2 R :“
: ;reason for this 1s that'the\behavior of partial pressureé

C

of H S and co 1s qulte dlfferent.at these low load;ngs of

2" 2

- ac1d gases Also the partlal pressure of HZS does not .y;z;_jjj»
follow the same trend as the partlal pressure of CO2 at r
oy

these condltlons. For thlS reason, emplrical functions of/

.,-1 .

temperature and 1n1tia1 EA concentratron were added to thd‘ ;}i{

expre531ons for predlctlng PCO” and P 5 rather tha’ﬂto

efpress10n for Y-; The empir1ca1 functions are presented in o

APpendlx G.l-§jafje s

CJ{;iné,corréiééionnBAééd;6n‘xént’andusisenﬁergtgfﬂbdeléff"“'

Sl Kent and Elsenberglo
L “l} S e
.qv ohemlcal equatlons to descrlbe the st—water-EA,systemu

s , . B e

have used the following set of

L
HZO '—ﬁan+ * OH




‘HS™ :7_* ut o+ sz"~ e e 1)

P, . = H, [H)S] oo o -ff‘;“;“.(9>'

To describe the'Cbz-wateryEA EYStem“the'equationé used are:

'RR'NH; ———s.,.__.l_ o+ RR'_gH‘ B meslem—ee= (1)

¢ 'RR'NCOD == RR'NH + HCO; ~ =m=eimmmms (2)

H04C0, =2 H' +HCOZ emememeeme (1))
H0 = B 4 OHT L e ()
R S A S S L

- L= H k [CO ] | : .' . . :,v . ------—-“- (Q)E | )

]

. L R {j' i o L .
RR NH represents ethanolamine, where R stands for CZHZOH

and R' for H, for. MEA and“R and R' stand for C H4OH for ff}h

"

o DEA.'w e S R
N K B . . '..' . . \ . o T e ' by :

The second set of equatlons (for C02-water-EA system) 1s S R

31m11ar t that proposed by Danckwerts and McNeJ_lé.» Vﬂlues
IR ,I_ .

of equlllbrlum constants for all the above equatlons have

10

been publrshed However, lf the flrst set of equations

1s solved for st-water—EA system to predict PH S u31ng the 73’}'”

Iz




)

ﬂﬁbllshed equlllbrlum constants, an unsatlsfactory fit of
the publlshed vapor data resultslo. Slmllarly if the second

set of equations for Coz—water—EA system 1s solved for PCo
T2

an unsatisfactory fit of the experimental data results.g'TOQ

solve this problem, Kent and ElsenbergIQ; treated the equll-
blbrlum constant Kl’ representlng the EA reactlon (for - the

system H,5- water—EA), as a varlable and accepted all the

2
remalnlng equlllbrlum constants as publlshed Using pub-'

-llshed vapor pressure data for 15.3 welght percent MEA sol-

ution and 20.5 we&ght percent DEA solutlon} those values

54 -

for X which flt the data were found for each temperature.. .

For CO. —water-EA system an addltlonal equlllbrlum constant,
2, was used because CO2 1s capable’ of reactlng dlrectly
V.w1th elther MEA or DEA to form the amlne salt of a substl-
tuted carbamlc acld (the carbamate 1on) , To solve thlS set
of equatlons,'only K2 was allowed to vary:‘ For the 1on1c.t’
fdlssoc1atlon reactlons, values from the llterature were

used. For Kl’ the value found for the HZS—water—EA:

system'was used.; Both K1 and K2 show an’ Arrhenlus dependt-

ency on temberature}a.

’

All the above equatlons were comblned lnto a model T

for the mlxed system” i. e.fthe system contalnlng both CO2

and H S 1n aqueous EA solutlon. From equatlons (1) to (9)

2
the followlng exPreSSLOns for the pseudo equ111br1um con—

stantS’can be‘wrlttenf

-8



I

. [H)[HsT)

_ hs?)

P

(1" (0K ]

[co,]

[H+][RR NH]
[RR NH

2 "

[RR'NH][HCQ;I

[RR'NCOO™ ]

f [COZ]'

1100, %1

- - —_— - -

[Hco3]:,

[H,8]

[Hs”] |

€0, .-

- o e —

o e
HS T

'.{HZSJZ

: Also the follow1ng balance equatlons can be wrltten

co

. omX

.‘m

“u

RN

}fk?RNCOﬁ]gf,{gcéjff'(aCO;],fﬁLco3

[HST) +I[s

[RR NH] + [RR NH2 .]. + éRR NCOO] ',----’- (x)

55

;)a:kxiX'R;fﬂa‘

(x11)7,a*
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(RR'NH,*] + [H'] = [HCO]] + [RR'NCOD] + 2[c0,®T]

+A2fs'] +‘[0Hf{M+ IﬁS']ss
. ’ R ¥ “\'V'), :

where d&l the concentfations are in moles/litef;qﬁ solution.

‘Also m is| in moles ‘of. EA/llter of solutlon. Eqﬁatibns (i)}}

.through#’/}ll) can be solved 81multaneously to obtaln
expre931ons for calculatlng P.. . and P ' when llquid com-i-e;
CO2 HZS |
» p051t10n and temperature of the system are known., These

) expre581ons can be wrltten\as'.

H,8" fli\.['H'fllz*'

— pary
oY),
6.7 {1 +Eff;7? e

‘_-";Bf[ﬁ’.’».]_z"""‘ f -
(R m[H 1.
)
:KS‘ KZKSK T
' RS B yK‘K

Peo, T T
2 KgKg (1 +

B(l +

ORI 2K +ﬁ [3f134“mlﬂfjfl Zf.:f'
4 TERgt [H ] o B DR
- [H) = _ m f‘f;sﬂl'i ‘ ~,.‘m. S

R



where i ,_~' o P.

: +,
K' =1 +_[§ ]“+_ -
ot Ko oo,

2

57

U51ng the values of Kl and K from the work of Kent and }f“afV

.Eisenberglp

_
€O, - Ly

€O, )

and HH S' equations (14) to (16) can be solved forviitw

'y and the publlshed values for K3 through K7,jidft*-"x

"P" and P S tThe numer1ca1 method of successxve approx-.t Vﬁ'”

A ima.tions was ffdund to_ b’e a‘d"eguaté,'tq solVe these 1_equ'§,tibn8';.

-~ D. VComparison of‘PrediCtiue.Caéabilitiesiof\the 3ode1s£.3‘]i;,_

v o L : PR :
' The startlng p01nt, for both Klyamer et al. and

' Kent and Eisenberg models,éis the postulation of chemical ,i

4 R
.‘_reactlons occurlng 1n the solﬁ! . It is shown in ,
. S

vf‘Appendix D that for the system st—COZ-Water-EA only

o seven 1ndependent reactlons are pOSSible and that the sets ;i

x'*of reactions postulated in the two models, though’not

'.Klyamer et al. 1s more sound from a thermodynamic stand-"‘

.Qiop01nt 51nce 1t incorporates the effect of non—ideality of lllif:A“:

‘"ﬁthe 11quid phase by using act1v1ty coefficients. The

. “tldentlcal in form, are chemically eQUIvalent- The mOdel °ffdfe
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substltutlon of part1a1 pressure by fuga01ty, in the modl-

" fied form of this model, lends 1t more theoretlcal support

o fmole of EA, values of P

. at hlgher-pressures. The 1nc1u31on of fugac1ty takes care»
of the non-ldeallty of the gas phase. The model: of Kent

and Elsenberg 1ncorporates all the non-ldealltles 1nto two'

7

parameters, namely K and KZm Thls changes the nature of

‘Kl and K2 from equlllbrlum COnstants to two emplrlcal par—_

.ameters whlch enable the model to flt the experlmental

'data hetter.j;' e

The folloulng generallsations can be made about the
predlctlon capabllltles of the three models (namely, ' |
.'Klyamer et al., Kent and Elsenberg and Modlfled Klyamer et et
al:) by. observrng Figures 9 to 26 in Appendlx E<-“'j;“£éof-l;ﬁ5i54;

“ﬁ( ) In general for MEA,'the model of Klyamer et al.;

predlcts lower,values.of_PH:S-and P-o‘ (compared to the
, S S .,2 A e

;;_exgegrmental ones), for XC02 plus XHZS greater,than ca;.ijiﬁ_

0. 3 moles/mole of EA For loadlngs lower than 0 3 moles/

HZS and Pc02 hxgher than the exper- giq

'"dlmental ones are pred1cted The prediction worsens w1th

l*flncrea31ng EA concentratlon and acid gas loadings., For

QQLQDEA' the predlctlon of P S and P co. 15, in genera1 hetter E;Ea;;%

thanthat f_o;,'_. MEA o Q = DEATAT e




B good., When both xH S and x

"tf}models thh the experimental data, the following conclusions~y

59"
(ii) i Only for simple systems, i.e. systémS‘containing. )
. R R
ueither CO2 or H,S,. “the data f1t obtalned by Kent and Elsen—'._d

'hfberg model is falrly good. For mlxtures (HZS~C02fgater-EK'

'fsystem). on the other hand, predlctlon of % and P,
co, ,328

worsens Wlth 1ncrea31ng EA concentratlon- 1ncrea51ng load-f;f°

and H S--and decrea31ng temperature.

1ngs of co 2 ,{_ﬂ_;:}p{iﬁ

2

:(111) The modrfied Klyamer et al model predicts exper1—f”ijz3_~7
'; mental data reasonably well over most condltlons of temp—"
erature and EA concentratlons, when both ac1d gases are qu

ipresent" For aqueous MEA solutron contalnlnq elther CO2 or yﬁivf{;

' HfS;ﬂthe predlcted P'_ vand P - ﬂvalues;are, in general, :n
2 zs o COZ ,L.Z,;‘_' T et
'{vhlgher than- the exper1mental ones. . For DEA,fvhenﬂXéb or

’ 1

.'XH:é is’ 1ess than 0 4 moles/mole of EA, the predicted val—f“

2T : - h
. :ues_of'P- and P are usually sllghtly higher than the

3ﬁfexperémental values.v However, for 1oad1ngs greater than

7‘0 4 moles (of CO or H S)/mole of EA, the fit 18 reasonably;;,gj;f;

2

-AX

Co are less than 0 l mole/mole j{ﬁgng}
2 L : SR

o 1mental PH S and P,

Co values ‘however, deviatlon in some
2 2 . : ‘ SRR

‘ By comparlng the predlctxons of each of the three

1-can be drawn




.}'either CO2 or Hés the model of Kent and Eisenberg repro-f

‘~-:pred1cts PCO‘

D ,565“ _
3(1) - For 51mple systems only, i e. systems contalnlng

'.duces the experimental data best, over most conditions of
h'temperature, EA concentrations and ac1d gas loadings. Foriﬁvﬁ['v
::the same systems,.in most cases Klyamer et al. model also

;glves a reasonable flt. Modified Klyamer et al model,_

o hon the other hand, usually predicts slightly higher PCO EEEE
- _ :21:*‘

;and PH2$ values,‘compared to the experimental ones.-?f&i"
3(2)ﬁh't For mirtures of c02 and h 25 1n aqueous s§1n£i§n§;.;ﬁf@.]:ﬁi
l‘the Modif1ed Klyamer et al model fits the experimental
ldata best, espec1ally as temperature decreases, EA concen-u:
.tration 1ncreases, and as the loading of acid gases in-}f:{ﬁoh;”gfﬁ
-.Jcreases.; For loadings of C02 plus HZS greater than ca.:;fi%llrr
i;,io 8. moles/mole of EA, the modified Klyamer et al. model

and PH S which are slightly lower than ex- V”
T2 2°, _ i

"ffperlmental values, but are much better than predictions

'°*]ffrom the other two models. For DEA the Kent and Eisenberg “]*”““fﬁ

'f"jmodel though not better than modified model for mzxturesyix*;:‘

J.gis better than the Klyamer et al.,model in, mos cases.

1lhlﬂMEA bOth the KlYamer et al and the Kent_and'Eisenberg:‘b;7,§fﬁtuj£

"-sorder of magnitude.; Tables I and II, summarize the above

":;observations for the mixtures of CO2 and st 1n EA solu-

-ff‘models give results which are in error by'about the same

t

N \

‘ 7; thnS. Each entry 1n the table gives the percent deviation,ﬁiﬁ



1
i

o S R
1n the predlcted partlal pressure values as compared toi o

el . . . ’

T

' the exper1menta1 ones.. Models I II, and III stand forj,
:Klyamer et a1., Kent and Elsenbqu and Modlfied Klyamer}a‘

»,et a1.~models,'respect1vely

- (3) Only the MOdlfLEd Klyamer et al. model 1s able toii

”reproduce the trend of sharply decllnlng PH s and PCO -

& L

”"'for 1ow acld gas loadings (when both xCO Qnd'xﬁfé are’fld.

_n,:less than 0 l moles/mole of EA) N

6L
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. pand 100°C were extended to very low loadings (ca. 0 02

| CO2 and HZS at hlgh temperatures.

;.good agreement between thls data and that 1n the llter-'h,dh'

 SUNMARY AND CONCLUSIONS -

\\A‘. .

An experlmental apparatus was desxgned and con—,}f

"structed to determlne very low partlal pressures of

The apparatus was tested by reproduc1ng some fol-
ub111ty data of st and CO2 Ain- 2 5 N MEA at 100°C. fﬁ;ﬁpﬁw
'ature, conflrmed the rellabillty of thlS apparatus.“

For pure CO2 1n 2 5 N MEA, two 1sotherms at 80°

':.'moles/mole of MEA) Slmllarly, for pure st in 2 SIJMEA f

e :from a thermodynamlc standpoint Since “‘ i"“"""’"“t“

'T;the effect of non-ldeality of the 1iquid phase ,YJ“Singﬁ*

Lf'of very 1ow HZS partlal pressures. (about 0 0004 psia)

H-
x”st was less than ca. 0 1 moles/mole of MEA77

'v1ous data were avallable for thJ.s re91on. P o

Tfet al and Kent and Eisenberg, the former 18 more sound‘

/act1v1ty coeffic;ents.

‘:,the 80° and 100°C 1sotherms were extended to regions

Measurements were also made for mixtures of CO» and;ffhiif?

2S 1n 5 N MEA at 100°c. The load1ng-of each CO2 and

I”No pre-” S

.ﬁ,':f! R

df the two theoretlcal models proposed by Klyamer .

Y "-,




e

-experlmental data obtalned 1n this work, as well as

that from the llterature, better than elther orxglnalf;

“Klyamer et al. model or: that of Kent and Elsenberg.g,;ff

_“(Flgures 25 and 26)

65

The modlfled Klyamer et al. model, reproduces the _”'-

For the case of s1mp1e systems,_i e. aqueous —aEAfijﬁeV’”

, Vasystems contalnlng elther co2 or H S, the model of

AihKent and Elsenberg gives the best f1t of experlmental“fgﬁ-*- :

‘Jdata.‘;é.'“w'
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« APPENDIX A

CALCULATION OF P, ., P_. , ETHANOLAMINE .

* NORMALITY, X, an_3c02f¥”



Caleulations
a) Gas Phase:
Peak area for each gas, N, ,CO, andkﬂzs_was divrdedf
by its Relative;Moiar‘Resbonse,(RMR),faetor. Mele percent '
‘of'each'aeid'éas kai‘obtained:by‘the formuia; _

Mole percent H,S =

JPeak,Area.EZS

_ x 100 -
(RMR) ., .~ : o
. A HZS - : _
- Peak Area HéS . Peak Area COZ j Peak Area Nz-
S e
R S 2 - __2
éimilarly, - |
. Mole percenf CO?# ;
Peak Area CO
(RUR) X l°°
L ’ — HyS S L
) Peak Area H S Peak Area co Peak Area N,
. 2" 2+ - N2
(RMR) A (RMR) ;-,;f (RMR)
P t* o % 2;.

- RMR factors were obtalned from the llterature30. ;gkéﬂf¢£:¢;>~

"compound i is deflned as-A;Vf;'
| . 5ty

: Peak area of 1 R

(RMR)L . A
S mole percent of i, Peak area of ¢
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where ¢ refers to the internal stahdard»(behzene).and'the
factor 100 represents-the’RMR‘of;behzene'arbitrarily'as~

signed a response of 100.units per‘mole30.

Since the total pressure was always near atmdspheric“

- ‘/ .

~ and since the temperature was réasonably high an idéal gas.

i

phase was assumed 1n calculatlng the partlal pressures of L

2
tracted from the absolute pressure in B-3 to obtaln the

‘ pressure due to NZ’ CO and H S designated anu;‘%{

P(N, funzsktscozrf}

?artlal Pressure ‘of st PHZS
_ Mole percent st L ' o
= - x P(N + CO

+HS)
- lOO.f;” ‘ 2

':Slmllarly, | '

Partlal Pressure of COZ' PCO2 o
S Mole percj‘ent"co2 R R T
= s X B(N, +:CO; + HyS)

‘”b)1“;<_‘LJ';<;[3.'11<:1'1:"?h'::is‘ef‘:"~
. Nprmality'pf amihe_jMEA)!'NMEA?h;

; ml. of suLphurlc acid used X' normalltx of the acid

‘Af:”MEA "f“ L “P'nﬂ Jof. sample used In-:_fsz.y'jl

'
!

H.S and CO Vapor pressure of water plus amlne was sub—'.t.d“_



per mole of amine, Xéoﬂ:
ml of hydrochlorlc a01d X normallty of HCl
‘used to titrate BaCO3 _

27 % Nygl'x ml of sample used

Moles coé,

° _ M§1esA§f stlper_§Qle;ofM§m1ng,,XH,S:; :2%
Normallty of Iodlne X (ml. of thlosulphate
1n1t1a1 ml. Qf I uged‘ _g used) X normality of -

2
= s 2°3

R X, ml of sample used

: o e 'ffgg'Js:::fVi.
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~ APPENDIX. B -~ i, . =

EXPERIMENTAL RAW DATA

‘f a) »Experlmental Data for the Solubillty

| i“of co2 in MEA Solutions.. L ‘
,.b)'iExperlmental Data fpr the Solubllity

?‘of H2

'a,é};'Solublllty of st CO2 Mlxtures 1n/ f,g: 3

f5 N MEA Solutlon at 100°C..

Y

e ot g e e Tl TR T e

e, .

s 1n MEA Solutlons.f;: 31:"_f_;;“

L8




(a)
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*Experlmental Data for the Solublllty of 002 inf, .

MEA Solutlons ._;7 "{3{' EERP \;;fk e

. (i)  2 5 N MEA Solution  i°,_'»   “f;55l;f,¥ﬁ,f j“‘5 ::i“

..0 .

"'T/°cf», P ~(psia) . X0, (mole% coz/mole MEA)f'[ﬁ;

60, 0.6113?"3];1.:y5'0;195f:

o 9

- . . . .

.o

0.012° L .- 0,198 el
0,013 o 0,22 I

807 -0.0017 _-4;~3_»f-0§osif

~.0.00176 - . 0.0313 L e
',_0 0022 o ..;0 0325 e \ “
C04003 o 0ups2
10,0027 . 0.052 :..lpw-,aajt"-
040097 ST 0,083 ob o
,‘,”0 01493-_13:‘H‘510 112'?_ .v%;‘~fﬁ1>L‘_~‘{, L
040126 0 T U EOILS e e
S e 000280 o 00,1580 e
/0,033 0 ¢ @061 0L
0,071 0, 220:s17f"H':"”fj:’15*5*7¥'-"
00072 0,207 L T e
SRR  0 081 ¢ i, 2265} ”‘-f1?f" ST N

1000 o.odo1r o od2ze s T

20,0002 . 0,02750 D e el
040005 o 04029 o T e
0.00053 o 0 031 ‘\

"L0(00Q63 o i fufo 0312;3' v 7»ﬂ;"f;Q.g¢f“-~ "

S e 0400067 oo e.028

- 3;0;06Q76t[ I.iklAso 036 PR
vy 0.0010 ;g'a;;mo 033 o
S olo13s o coloso v
fl;:O 0141 j":p13& ﬁ 0. OBZL{!fllﬁﬁﬁt ﬁij-7f'
’a-xu“;o 023 rt’”n‘;ffpo 094=m-¢*';7;“f”*“




L T4

:Kiix_j5.Q<N'MEA.sQlution '

-»T/fC  o PCOZ (Ps;a) | C02 (M01e Coz/mole MEA)

100 oo 00034 j~1._,.o 035 .
. 70.00053 . . .-0.0375 oo oo

St 00400077 o 0. 039”_:_.; 

T 0.0042 - 0.060 .

o000, 0081 .. ..0.067 ..

0,016 00076 e

T 0,083 v 0.087 0 st
SN 0,084 04087 L T
ST 00130 T 001227 e e

00190 0 00,1487 T S

":, K5)i'Experimental Data for the Solublllty of st in‘MEA ffff“J*
»  ';501ut1ons',ffff;5lf 3T SR ) L

";?;(i) b 5 N MEA solution

‘Sf fv'gi,{  f_ff{”'fj; ,¢[ af.f_?fﬂfﬁ§j §*f;f*i};.];Eif*ff’?QEE;;

e, . . S L, ey

g0 ,fu;‘ro 00483 . 0.028 . . i
| ~¢=,,~'1‘,>-3.-fo 0052 0,027 1 il e
S QWO T 0404 e T e

S SOLY - D.042 0 e

S ol0l66 0,046
Lt U T0,01720 11-f_-;' 0465
ST 0l023 . 0 i0hos5 i
L TR 0,025 T 0,055
0,05 o 0,066
. 0i06s . . ' .0.078
0,079 0 - . 0.078
o oioBL i 01097
T oloss - oloss
o 162;.];};?f“3}0{f$8




*_*ff;**o o47f;fyiff:;o 0024 -

Lo 113t»;a>%£~50‘164.;;Teé;r«

e Pyg (Psia) Xy o (Mole HS/mole MEA)
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‘ o -0J0012 . ..0.017 ;;.~

o 040033 04017

® . - 0,0081 v, 0216 -

. 0,064 7 0,0294
00,062 00,053 .
©..0,068 ¥, .- 0,048 . . v

To.062 . coles3 o

' ;(i1) TS{OﬂNﬂMEA Solutlon.:‘i‘L};f_;:;.g;a;ﬁ

100 <o 0.00031 . o.026
RS 040051 - v 000344
70,0097 - }‘,.,'vgo 0303
S o005 o o, 020 .. sl
R, -'u,_o oss R . T LIRS S S

o (digHSolublllty of st co2 Mlxtures in 5 o N MEA Solution

.;f[at 100°C (Partlal Pressurés ln Psia. X, MOIe of é ﬁ":?f

%ifff'ac1d gas/mole MEA) , $'~? L :
s R *."[{f e

S »0;0019~-’J;“- 0.0015 - 0.013
. 0.0022" “w0,0029 .

L0, goss " 70.0088
- - 70,00031

70,054 . 1 .0.0038° .
08077 0, 071,75#‘35j 133 4
o ..,:0.085 L v 0,087 0,013
7004097 £ .00.0021 7 0,036
S 0.04202 700 20,048

;;;xwa 150 0, 0094
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S E004197 0 e 10,056
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7 0.305

o 0.44 0
© 0.46°

0.47 - ..

0.490

. 0.557
©0.60

. 0.61

0.64
.0.64 .
.0.653 . -

L 0.716

04760
0493
~0.988.

0 1.04 B
-1, 056f o
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1.9

. 0.175
00,002
0, 028:'
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04015 00 -
0.0132:
1,004 - .
0016
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w0017
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S 0.43 0

0,022
L 0,06 e
04035 - .
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0. 04651v

S 0.037
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0.0796

©0.081 S
;'O,O7l3‘ff3i‘7
0007k
0,069
0,083 . -
0,119
001280
0,064 .

o 0.14 =

© 0,038 7
jO{OQZ B

©70.103

04004

7 .04037
0,042 0
- 0,0124
040200

0. 0164

0,043

0. 115“~
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Derivation of Epressions for Calculating P, . .and.P.. '~ = -
eriva SR TR AR RESEEEETE TH 8 T IIC0,

Using the Model of Klyamer Et Al. .

L IH,S]

From equation.7, [H,S] =315P3§i][3:1f5 SR

*;rhe#efore;"r~=‘

L A

_"st 1c st  f _f;,ﬂ> ' S T e
Neglectlng [S ]ll }2 from equatlon 3 {Jifixfﬁ R |
o 5'[1_@57] mk (S =Xy . s By B A

s

o P’s _ 1 A[H 1
,.ﬁg"e 1c H2 - j“"'>

: From equatlon 6 [H 1 2 wvf’i:7ﬂ t;A?f7?[f .

Y [on l

ST aK A e

L 4
U H,S.

S T ch uz [OH ]

e

] and [H ]

11 ;2, equation 1 reduces to.f  el

1+ “[oH"] +m§']
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" [RNH3]

|
k=)
5.
O X
O,
1
o)
0
(@}
m

Ho. +A+[CO ]+['OH]
2 €9 CO L |

B+ A+ [CO7T] 4 (OB} emmeees ()

s%?sfituting [RNH;].from equation S-intofequatioh“(i)
T : . K, aa [RNH2] 5 o j L -
IR : A + B + [co ] + [ou ] Cmmemee— (11)
R A1 TR e T

substltutlng for [RNH ] from equatlon 4 and 31mp11fy1ng for J:
[RN“L . f e
[RNH;] = 5 i 45_. (A + B) + [COZ] 4 [(:J“ L
. {Y [OH ] + K }‘ S s / S

[CO3 ] and [OH ] are con51dereﬂ when Xcoa‘ls less than 0 01

. }' moles/mole of EA‘

From the above equatlon.{-*”

W Cxteern
I0R7) = R
33,51"A1+'B)»f.1'

T A

. substituting (iii), into equation I, . ool

_ ?ff ”_§f ’ *;}_ K§i’;u:{'}-ii?l A(A + B)

(m-z-A_B) V»wa__
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e

. From equation 4, .

[

AU

N

(RNE) = m e

Substitutiné (iii) Andf(iv)vih (iI):l;.'

L 1 .
. P . []
SEREL &40 PAREEN S

,“_}?ag Fm

2 2
o

(m-2=A-B).
.Frdm eqﬁéﬁi@nAzi o
" [RNHCOB] =z - [

ﬁ'_*f s

oo m( &5

lY a[CO ]

- [RNH}] = m-z-A-B

};'-.ikA;¥;B; f3} -

9.‘" 2o

————‘P"""' (15) )

ot e

s

“ o

\1_

| HCO ] - [/03

: X‘QIHCO31__ 2 +

stubstltutlng value of [OH ] from (ili)

“H,

lY CG
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From equation 10, ‘ ‘ o o o

2 2 , IR . ' /
[RNH, ] 1?co?_ R SRR

2
2 [RNH ] [RNHCOQ»‘]

—
=

1
K
m

<

“-[R,NH ], . [RNHCOD] (=1°)

a [RNH,] ° [RNHCOO]

" Multiplying eQuatidn (ﬁi) byA
5

>

‘and rearranging, . - - T¥ SR

substituting »:'<»v..i'i>.i';,into: (&) ana ;'réarrganqiné.
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“PROOF THAT CHEMICAL EQUATIONS POSTULATED
IN THE TWO THEqRETICAL MODELS' ARE EQUIV-
ALENT. T

v ‘
. ~ :
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. Rank of atom matrix.= 5 Z&)C,H,O,S):, -

_ Therefore,.

»

; PROOF THAT CHEMICAL EQUATIONS POSTULATED IN THE TWO

THEORETICAD»MODELS ARE EQUIVALENT

A} -

- Zeggeren andg Stbrey32'have shown that the number
of 1ndependent reactlons pOQE1ble for a glven system 1s \
? . :
glven by: '

:
. . . \ .
number of independ®nt reactions

- = number of specieé_—'fank of atom matrix..
,-H,$-water-EA, N N
number of species . .

-

For thé system'CO

. . . - [§
= 12 (RR'NH, RR{NCOE,.RR'NH;, HZS{ H*,‘OH',<HZS;

' L AL -
- HS , Sz ’ CQ},,HCQ3,‘and CO32 ). :

-

number of independent‘féadtions,=vl2 = 5=7"

. Reaction -°(1)xof Kent - and Elsenberg model isa
comblnatlon of reactlons (a) and (c) of Klyamer et al.:‘

model v Slmllarly reactlon (2) of Kent and Elsenberg model

‘_lxﬁ a comblnatlon\of reactions’(a), (c), (e) and (f) of

"Klyamer ef al. model Therefore, though the seven reactions'

postulated in thé two models a}e differe*t in form, they

"are chemlcally equivalent.h
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L

b . l:) ' . ' . ) R .
. 'COMPARISONS OF PREDICTED PARTIAL PRESSURES '
/ ) ] . ‘ .

WITH EXPERIMENTAL DATA - * .

]

"Exper1menta1 Data

‘Predlctlon by Klyamer et al. model

+

Prédictiohfby Kentfand Eisénberg modéli-’f

Prediction bthodified Klyaﬁefaét al.quae;'

of Lee"btto and Mather for flgures 9 to 24,.

' of this work for flgures 25 and 26
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“ 107 YIN=-2677.91/1-0. 6159‘0 “2773'03*T

>g o o S lo4

s _
******¥**************#*****#****************#t*************
***********************************************************,1;
*

* PROGRAH FOR CALCULATION OF PARTIAL PRESSUBES OF H2S ‘AND -

%
.
*  C02 OVER ETHANOLAMINE SOLUTIONS "'f'  USING HQD;TIED *
x KLYAHER ET AL. HODEL c : : ’ L o *!
* ) ) ’ : S K3 .
* INPUT VARIABLES FOR THE PROGRAH ARE ., ft; i
* - T -« TEMPERATURE IN DEGREE KELVIN- L ' f EETEE
» * M8 - HOLES OF ETHANOLAHINE PER 1000.0 GRAMS OF. WATER * .
 *- KLHN 1 FOR HONO- AND 2 FOR DI=- ETBANOLLHINE L % R
. e

- **********#******************************t*****************
*******************#*#** *********Q******************t{*#**
" REAL KIY,KI, KW, KIC, 12C,5A1 qu K1 Ku uu an, K2Y N
‘Dxnnnsxon»nn(a)
DIMENSION Y (3), pa1(3)
Do 101°1=1,3 " . L
CPHI(IF=0.0 " o e T e
101 CONTINUB . - S e e e
.. READ(5, 1)T,nu KLHN ~ = _f‘ ne ’_ ﬁ1_- ; ',,ﬁgﬁ;;--"
‘1 ;. FORMAT (2F15.5,I1) . .= =~ = = o o ‘ PR
-fDETBRHINATION OF VARIOUS pannuzwnns FOR THE ABOVE READ coun
. TT=1000.0/T . L
YY=0.872446E01-0. 183312E01*TT+0 33752E00*TT**2
- KIY=BEXP(=2.303*Yy) -~ B =[5[‘ T
YH=~0.450823E01+0.453045E~ o1*w-o 5801363—0«*T*%2 T
‘HH2S=EXP (=2.303%YH) = - St
YC=~0.248352E01+0. 3611753-01*T-0 uuossez-ou*r**z
. HCO2=EXP(-2.302%YC) St _ wrle , ,
U TH=(T-273.16)%1.8432.0 DRTER o | PRESRI I
. YW==0.766413+0, 2789313-01*TH-0 7003933-oa*Tw**2+0 7“76233-01-
- KW=EXP (2. 303*(Yi-15 0y - oo
. .YIC=0.110835+0. 166718E-G1#TH-0 680879E—0Q*Tﬁ**2+0 106972E-0;; =
. KIC=EXP(2.303%(YIC=8.0)) Lol LI
. E2==0, 29023930u/r+7 oaeo o 23793—01*1 o
. K2Y=EXP (2. 303*22) . R
K2C=0.1B-15! G
. IF(KLMN=2)2,3, o
2 IF{0. 1onou/r-ﬂ 95)u 7 7 |
4 . MA2=0,4TU24EOU4* (1. O/T-O 0025) 3 6341
KM= EXP(HAZ*Z 303)

1‘°,,f-Go TP10 R
7. uagsh. usazou*(1 0/T~0 00295) 1 so
" KM=EXP (MA1%2.303) :

E3= EXP(2 303*!15) IR IR ,;:;“‘\=f:""
s U AA= ~0.8727 L T.”il?},y;rﬁ,;~~;-~' :
| G0 TO 20, L :
. 37 DA=0.36 BSEéu*(1 0/T~0 0026) 4.0
o2 -;:xu-zxp(3A*2 303) S

e

*‘-,',' .;.v"»“k'i* O



105

' TTT =273, 16 S o ¢ . /,1*
- YID==1.609+0. 41Q86E-01*(TTT-37 8) C
"B33= EXP(YID)/O 1E09 :
KI=KW/E33 . o
© AR=0.857478+0. 1257670—01*uu+o uazozn-oz*uu**z
20, GANA=0.50 . . o -
: IP (KLMN=1)21,21,22 _ '; S L '. _v Sl
21 WRITE(6,221) ' o -
221 roauar(1a1,/,1ox,' ETHANOL AHINE PRESENT IS MEA®)
" GO TO 18 R _ S
22 WRITE(6,222) L : S
222 FPORMAT (1H1,/,10X," ETHANOL AMINE PRESEKT Is DEA‘)
18 “WRITE(6,399)T,8M '
399 FORMAT(//,2X,'TEMP..OF THE SYSTEH- ,r7 2,//,2x.-conc.-.-
) 10F ETHANOL AMINE IN MOLES/1000.0 GRAN OF H20=! ,rs 2) .
» 'WRITE({6,412) HH2S,HCO2, KIY,KIC,K2Y,K2C,K¥, KN, KL . - .
. 412 FORMAT (//,2X,'HENRYS CONST, FOR H2S=' E14. 5,//,2!,'HEN
' 1RYS CONST. FOR C02=!',E14. 5,///+2X, "EQIL. CONSTANTS - ,xr-.,-,,
“21Y,KIC,K2Y,K2C,KW,KN AND KI RESPECTIVEL! ARE',//,ZX 73 S
316 6.////) VT e S . . SR
DO 108 LLL=2,4,2 =~
. DO 108 I1I=1, 10 3.0 e e
'XCO2=LLL/10, o a.qj]j;';l.,-[' vl
XH25=I1/10.0 =~ T ‘ : 'f"
ALPHA=55. 51/(55 51+uu*(1 o+xc02+xazs)) ' ‘
. INITIAL VALUES OF pcoz AND PHZS CAN BE OBTAINED usxuc
SIMPLIFIED EQUATIONS: : . A ;
- IP(1.0-XH25=2,0%*XC02) 8 68 67 T e e
67 K1= (KI*KIY*HCO2)/(KU*KN) L ~7;ij. D e
- CQ= K1/(AA*HH)+1 0-XH2S=-2 0*!C02 ‘ ‘”l-":**»*4=*
- QQ=XH2S+XC02.. _
_ HCM=SQRT((CQ/2. 0)**2+3K1*XC02)/(AA*HH))-CQ/2 0.
 QT= (KN*GAMA®X 2% NN*XH2 *QQ)/(KI*KIC*HB2S*AA*ALPHA)
'PH2S-QT/(HCH#1 0=XH2S=2.0%XC02) ‘
PCO2= (GAHA**Z*XCO2*QQ)/(KH*(AA*ALPHA)**2*(HCH+1 o-xazs
1=2.,0%XCO2)**2) . ST | e
~ WRITE (6, u15)pc02 PH2S

60 T0.2200 . ‘_,:- 7_1f;j“j;1f:jj - ﬂwiQPWa.fﬁ._gﬁ?;{f;"

68 A1-BH*XHZS*O 5.
.. B2= uu*xc02*0.5 e
, Ip(xnzs)a16 u16 u17

: PH2§*O 0 Ll
GO TO 418 /z'

- 417 IP(XCO2) 419,419,420 . - ool '”’:°'~”fffig;g§x‘1w-i

SLu19 Pﬂzs—(Kn*A1**2)/(KIC*KI*a825*uu)*(1 0+1525/0 1)
© . PCO2=0.0 - o A R T
“ o GO TO 418 . L ' ‘ ‘

420 pazss(xu*A1*(A1+BZ))/(KIC*KI*HBZS*HH)*(2 0+x323/0 1)

- BC02=2. 0% (A14B2) /KK (1,04XC02/0.1) R i5f<<fiif%!

418 WRITE(6,415) PCO2, RH2S - . e e
© 415 roRmAT (S1,B16.5) T e T T



54 IP((XCO2+XE28) -0 2)56 56,57

I °106

220 2=0. e*mn*xc02/(1 0+4. o*xcoz)
231 22=2. : ‘ '
PHS=PH2S
PCO=PCO2 - :
' KL=0 ' -
40 , A1=MM*XH2S-= HHZS*PHZS
KL=KL+1 o
B2=MN*XCO2+ Hcoz*pcoz - : S
_— 1?(51)@1 82,82 ol , A
82 1P (B2)81,83,83 T L
81 - PH2S=0. 95*9325. o : T .
» PCO2= pcoz*o 9s . T R
- G0 TO 23%) .. a - C
83 FPK=MM~Z=A1-B2 ‘ S -
KJ3=0 i - ‘
IF (FFK) 89, 89,85 S
89 " FFK=MN/50.0" ' ‘ 7‘
85 ‘HS A1 o . - ; = .
12 RN=KI¥AA®ALPHA®*2, - =
~ QH= (RN¥FFK) (GAHA**2*(A1+32)) . f . '%".'x':T
.Hpnus~(quj{pHA)/(eauA**z*oa) ‘ AR
. /HCO3= (K1Y ALPHA*HCOZ*PCO2)/(GAHA**2*HPLUS) U
~ €CO3=(K2Y*HCO3) / (GAMA*HPLUS) . S -_ LTy
©  RNH3= (RN* (MN=2)) /(GAMA®*2*OH+RN) .:g'_, I
.. 82=(K2C *HS)/(GAHA*HPLUS) e e I S
- KI=KJ+ - b e e
: HIF(KJ-1O)1O6 106,303 .- PR ' ‘
106 MU=0. 5*(z+A1+HpLUs+OH+RNH3+u 0*co3+ﬂco3+u 0*52)
" ETA=GAMA . , SR
" IF{HU) 300 300 301 :
300. HO=2.0

301 IF (8U-1, 0)302 302 303 e L Y T T
303 GAMA=O. 5. e e T e e e

g GO TO 93" L =:- e

© 7302 IF(HOU=-0. 1)7u 74, 75 /7 - '

© 74 - GAMA=0. 902308-0 1995, E01*HU~Q 6788688-0]*(EXP(HU))+0 05

. 6070 203 L | | 3 PR
75 IP (KLMN- 2)5u 55,55

" 56 GAMA=0. 399117-0 338a02£-02*uu+0 320219BOO*EXP(-HU)
. . GO 'TO 203" = _Yrjp;
“~.57n-cnna =0. 399117-0 33au02E-02*nu+0 32u219noo*zxp(-uu)+o 1

o T0-302 . ’7-T .,‘.»,ﬂi"l:f%f} £§f:J?tfi ;¥r; :"5‘”?

-15%(1.0-(0.21/.(XCO2+XH2S) ) ¥%0.95).+ ( (XCO2¢XH2S=0 u)/(1 o{fﬁijffjng

T 24EXP (- (7. ¢-an))))*(1 1-Exp(-(37u o-r)/1oo 0))
60 10203 _
55 II((XC02+XH25) -0. 2)58,58 59 . o
‘587 GAMA=0.36640~ 159753-01*uu+0 3au37§zoo*zxp(-u0)
. GO TO 203 ~ e | g

'VtSQ;}IF(xcoz*XH25)60;61 60 S L LT
61 " GAMA=0.36640-0, 15975E—01*HU+0 uu379300*nxp(-u0)+(0.10a;.::{caj;;
0*(1 o-(o 21/(xcoz+xn237)**o 90)+o 1*((xcoz+xazs-o os).-¢-,44;,,,



e ) . * : - E ) . ~ ) ) . .. “10‘7

2/ (XH2S4XC02) )% (1. 05-Exp(-(37u o-T)/1oo 0)))*(1 os-nxv(
3-(5.22-MM)/10.0)) | ,
| GO TO-203 e
60 GAMA=0.36640-0. 15976 5= 01 M40, 3uu379300*nxp(-n0)+(o 10
1# (1. 0z (0.21/ (XCO24XH2S) ) *50.90) 40. 5% ( (XCO2+XH25=0. 30) /.
2 (XH2SeXC02) ) * (1. 05~EXP (= (374.0-T) /100.0) } )
203 IF (ABS((GAMA=ETA) /GANA*100. 0)-5.0)93,93,12
93 IF(XC02)91,91,92 -
92 IF(XH2S)94,94,204
9% PKK= (K“*GAHA**z) / (KIC*KI*AA*ALPHA) v
* PCC=SQRT (( (1 O‘XHZS) /2 Q) **Z‘PPKK*XHZS)

“ ¢

V.

. PHS=PH2S - e
: .pﬂzs-nu/(ﬂnzs*(f o-pxx))*(pcc-(1 o-xnzs)/z 0~ PKK*XHZS)
. PCO=0.0 = . Lo . o
GO 70-933 o ‘ - o

94 TK1= (KI*KIy*acoz*ha*ALPHA**z)/(Kﬁ*GAuA**Z)‘
. TK2= (KM*KW*RA) / (KI*KIT*¥HCOZ) R o
B2=MM¥XCO2-PCO2*HCO2 = - S S T
BB= (B2-MH/2.0-0, SO/TKZ)**Z | e Lk .
BM=MM/2.0-B2 _
PCO=PCO2 -

" PCO2=B2/TK1* (0. 50/TK2-SQRT(BB+BZ/TK2)+BH)/(O 50/TK2-SQ
E 1RT(BB+B2/TK2) BM)
B2= nu*xcoz PCOZ*HCOZ ;;
.60 10 933 o e

204 FK1= (KH*GAHA**z)/(KIc*KI*ﬁuzs*AA*ALpaA) B

- FK2= (gAuA**z)/(xn*(aa*ALpﬂA)**2) L e L
. PK3= (AA*KH*KH)/(KI*KIY*HCO2) e e T T e

- FPRK=MN=Z-A1-B2 " - | B

- IF (PPK) 953, 953 954 .
953 FFK=MN/50.0 o oL
954 F1= PHZS~FK1*A1*(A1+52)/FFK~~. BRI RO
'~ WEW.VALUES OF PCO2,PH2S AND Z ARE. nou OBTAINED stuc
MODIFIED NEWTON=RABHSON ‘METHOD , o
‘DD (1) =1. O+FK1*(FFK*(2 0*A1+82)+A1*(A1+B2))*HHZS/PFK**2"*
PH2S=PHS=F1/DD (1) : S

A1: HM*Xﬂzs-Huzs*pHZS c,iu'cf v.q:  A
S FPK HH-Z-M-BZ - . }»j . \_
. IF(PFK)955,955, 956 - ‘_fr}Tw~q-?y ‘}3ff_kp;;_ a R
~ 955 FPK=MM/50. 0 IR ' h:4; 5-i }-;ef’“'?”'”

. 956 F§L9C02-FKZ*Z*(A1+BZ)/PPK**2
- DD (2)=1. o+rx2*z*ﬂc02*(rrx**2+2 o*rrx*(Ahwnz))/F?K**u
. PCO22PCO~F2/DD (2) . .:a, R B AR
Ch L B2= nn*xcoz-acoz*pcoz N “v\;,a:fyﬁy.» ,_'é\d;
-] PPK=MM=2-A1-B2 e e T e

IF (FFK) 957,957, 958 {-'.fi h;]5f'Ljf ,2f-ff_Q,i:\fﬂf:iﬁf“ RS

957 FPK=N8/50.0. -
958 DD (3)=1. 0+PK3*(FFK+BZ-Z)

 ';525 F3=2-FK3% (B2-2) ¥FPK

. '2=2%=P3/DD(3) @ .
S 1?(2)505_505 5067

A,



505 22=2.0%Z%

- 506 IF ((XCO2+XH2S)= -0. 2)833 833,934 - o
934 DHLZALOG (ALPHA) /2.303+8.65-0.2150E04 /T c N

“* ’ “:j\
GO TO 525 N N - T \

PH20=EXP (2. 303*DHL)
p= PH25+PC02+PH20 ‘ : '
PP=P/51.70, - - | 2NN
IF (PP-59.0) 933, 935,935, » e

935 Y(1)=PH2S,P IR | | L

. Y(2)=PCO2/P
¢ Y (3)=PH20/P . . o
« TRT=(T-273.16)*%1.8+492.0 - . R “
CALL FUGCF(PP,TRT,Y,PHI) .
. PH2S=PH2S/PHI (1) .
PCO2= PcoZ/PHI(z)
GO0 TO 933 -
833 PPH=PH2S* (1. O-EXP(-XHZS*O 01)+2. o*nxp(-(o 06/XH25))+EX
1P (=0.05/ (XCO24XB25%1.0§) ) *(1.0-0. 00009/(xazs**2))*(1 0.
2+(XC02%%2) /(2. 5*xa25)) ' | L R
PH25=PPH ' S SRR
PPC=PCO2* (1. O‘EXP(-XCOZ*O 01)+2 o*zxp(-(o 07/xc02))+nx ;
1P(=0.05/ (XCO2%0,2+XH2S)) ) * (1.0=0, ooz/xnzs)*(1 0-=0. oou/
2XC02) * (1. o+xnzs**2/(1 5*xcoz)) B _
. PCO2=PPC _ e Sty
. CHECKING OF CORRECTED VALUES . L
933 IF (ABS((PH2S~PHS)/PH2S*100.0)~5. 0)1u 19, 19
14 IF.(ABS((PCO2-PCO)/PCO2%100.0)=1.0) 16,19, 19
16 IF(ABS(GZ-ZZ)/Z*1OO 0) 5 0)69 19, 19 T

13

!

19 PHS=PH2S

- PCO=PCO2
22=2 ‘

< ; IF(KL=11)40,40,405 . B 'ﬂ,\ o f ‘1' . 3‘_',r""
40’ o

WRITE (6,406) - - :

406 FORMAT (//,15X,'NO CONVERGENCE AFTER 11 ITERATIONS' //f -

110X, YTHE LAST ESTIMATES  WERE AS FOLLOHS s-,//)
WRITE (6, 100)xcb2 1H2S, z pcoz pazs ; T

'69 HRITE(6 uOO)Al,ALPHA

© 1400 FORHAT(//,2X,'AA— F7 4,//,2!,'ALPHA ',F? u)

.~ "WRITE(6,77)KL - SO
77 JFORHAT(//.zx"No OF ITERATIONS ron CONVERGENCE TO PAR
‘1TIAL .PRESSURES="' ,13) S o
PH2S=PH2S/51.7 . © -S]-*
. PCO2=PCO2/51.7 . ' A ' 'a S
HRITE(G 100)xc02 XH2S, z PCO2 Pﬂzs LT E S
100 'FORMAT (//,9X, °xc02',13x,'xuzs',1ox,'nnac00(- '531, ..-J s
~11C02 pARgIAL—p%;ss.-,ux,'uzs PARTIAL pnxss. .//;2x 5216,5,/ ;]

S v f'uf* "
A Ll R

)

108 CONTINUE

CALL EXIT
. END -

. »
!



a@vﬁwzs IN THE CALLING SEQUENCE ARE ,

%% P - TOTAL PRESSURE IN PSIA .

W% T - TEMPERATURE IN DEGREES RANKINE

?»$* Y - MOLE PRACTIONS OF H2S,C02 AND WATER RESPECTIVELY
gh PHI - INITIAL FUG. cozrr. VECTOR |

* *’*'*5;

*
*
x -

]
******* **********#****** *************** *************t**r***

af SUBROUTINE FUGCF (P,T,Y,PHI) =~ ’
% 'DIMENSION Y (3) . - -
&2+" DINENSION AIRKV(3) A%),2(3)
<~ DIMENSION PHILN(3), 951(3)
DIMENSION ARKV (3, 3, BRKV (3) , PCIJV(3,3), TCIJV(B 3)
DIMENSION GA(3), GB(3) PC (3) , € (3), VC(3) S
DATA GA/0.4340,0:4470,0. u21/
DATA GB/0.0882,0.0911,0/08368/
 DATA TC/672.7,240.0,1165.6/ .
DATA VC/1. 5606.,2. 3408, 0.90/
' DATA PC/1306.0,1071.0, 3208,0/
PCIJV (1,2)=0. 57u1Eo3 : _
PCIJV (1,3)=0.21615E04
PCIJV(2,3)=0.10825E04 Ca
© TCIJV(1,2)=0.3697E03 - -
-, TCIJV(1,3)=0.8855E03 L
T TC13V(2,3)=0.5289E03 _ o
R=10.73 . ‘ o
‘D0 200 T=1,3 .- S '
BRKV (I)= GB(I)*R*TC(I)/PC(I) o
ARKV (I, I)“GA(I)*R**Z*TC(I)**L.S/PC(I) .
DO 2060.J=1,3 - o
PCIJY (J, I)=PCIJV(I 3 i
TCIJV (J, I)=TCIIV(I,J) . ‘
IF (I-J)2,200,2

L

Y

2 KRRV (I, J)"(GA(I)+GA(J))*R**2*TCIJV(I J)**Z 5)/(2 o*pCIJV(I;f*

200 coﬁTINUE

c ;'CALCULATION‘OF AHRKV BRMKV: PR
' AMRKV=0.0 - *'l'rﬂ? '
BMRKV=0.0. .~ - ,wiﬁ SRR o

. DO 120 1=1,3°%
~ AIRKV (I)=0.0 S
BMRKV= BHRKV+Y(I)*BRKV(I) SR
DO 120 U=1,3 . e e T
AIRKY (I): AIRKV(I)+Y(J)*ARKV(I Jy.

120 AMRKV=AMRKV+Y (I)*Y(J)*ARKV(I,J) . o
C'_ - CALCULATION OF VAPOR. HOLAR VOLUHE or nIXTURBQ:-
o A(1)=t.0 : . :

K(2)==1.¢



PBRT=pP*BMRKV/ (R*T),
ABRT= AﬂRKV/(:BHRKV*‘!O 7’*'1‘**1 5)

A (3)=PBRT* (ABRT-1.0~ PBRT)

130
140
150

160

.A(Q)—~ABRT*PBRT**2 , : T
2(1)=0.0 . o o
2(2)=0.0 ' ,

+2(3)=0.0 I )

MPYPE=-1 ' T

CALL CUBEQ(A, HTYPE )

IF (MTYPE) 130,140, 1uo :

ZV=AMAX1(2(1), 2(2) Z(3))

GO TO 150 .

V=2 (1) ,

VV=ZV*R*T/p

FUGACITY COEFPIC?ENTS WITH nODIPIED R=K EQN._
QVVB=ALOG (VV/ (VV=BMRKV)) - . -
Q1VB=1,0/ (VV-BMRKY) = . R
Q2RTB=2.0/(10.73%T**1, 5kBMRKYV) = !
QVBV=ALOG ((VV+BMRKV) /VV) . . = N
QARTB=ANRKV/ (10, 73%*T**1, s*auaxv**z)

QBVB= V/(vv+suRnV) :

DO 160 121,3

PHILN(I) = QVVB+BRKV(I)*Q1VB-AIRKV(I)*Q2RTB*QVBV+BRKV(I)*QART
1 ~QBVB) -ALOG (ZV) .

PHI(I)= EXP(PHILN(I)) I

CONTINUE S :
RETURN

END



A 111

- ) J

***********************************************************

N

3 : 'y . .- *
* SUBROUTINE ANAXT PINDS THE qu 2 VALUE R T
%* : *
**#***************#*****#******#********************#******

FUNCTION AHAX1(RR SS,00) R ! ‘
AMAX1=RR R N
' IF (AMAX1-SS) 2,3, 3" o e
2 AMAX1=SS , -

.3 IF (AMAX1- UU)u 5, s , "

L4 AMAX1=UU _ o » y
5 RETURN - T S a
END o - AR T o, §>,



*

)

* THIS SUBROUTINE SOLVES CUBIC REDLICH‘KHONG BQUATION

* FOR COHPRESSIBILITY FACTORS

*

' ook o o ok ok ******************************** ********** **********

"SUBROUTINE CUBEQ (A,MTYPE,2)
“DIHENSION B(3),A(4),2(3)

B(1) = a(2)/A(1)

B10V3 = B (1) /3.0

‘B(2)-.= A(3) /A (1)

B(3) = A(4)/A(1)

ALP = B(2) - B(1)*B10V3 . ‘
BET = 2.0%B10V3**3 --B(2)*B10V3 + B(3)
BETOV = BET/2.0 :
ALFOY = ALF/3.0

CUAOV = ALFOV **3

SQBOV = BETOV **2 ~

20

21
22

:  30

‘DEL = SQBOV  + CUAOV

IF (DEL) 40 20, 30
MTYPE = 0. -

GAM = SQRT (-ALFOV )

IF (BET) 22,22,21

(1) = -2. 0*GAM -B1ov3
2(2) = GAM -B10V3 .
Cz(3) = 22
60 TO.50 . -
Z(1) = 2.C*GAM -B1ov3
Z(2) = -GAM =-B1CV3 . §
S 2(3) = 2(2) o “f
GO TO 50 . ..
MTYPE = 1 L
EPS = SQRT (DELj . v

TAU ;\-BETOV R

"RCU=TAU+EPS .

SCUfTAU°EPS

’"SImﬂo'
" - 518=1,0-

.31

32

33

- 34

40

'$IS==1.0

. IP (RCU)" 31 32 32

SIR==1.0"

IF- (SCU) 23, 3u 3 Lo

(o ~;-".j{f:f'

R= SIR*(SIR*RCU)**O 33333333

|S=SIS*(SIS¥SCO) #%0.33333333 . . ..
2(1) = R'+'S = B1OV3: " .- .

= (R4S) /2.0 * B1oi3

22y =
- 2(3) = 0. eseozsao*(u-S)
.60 7050 S
) ‘MTYPE = 10
- QUOT .= sqaov /cuaov

- ROOT"

“SQRT (-QUOT)
A~

**********#*************#t***#*******t****tit**************

‘

%
«
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/- | - ﬁﬁﬁ. Sy
IF (BETj 42,41,41 . ' " | ;
PEI = (1.5707963 + ATAN (ROOT / SQRT | (1 0 - noor**Z))) / 3.
GO TO 43 A
. PET ATAN (SORT (1.0 = ROOT**2) 7/ ROOT) / 3.0
FACT = 2.0%SQRT (-ALFOV )
Z(1) = FACT*COS (PEI) - B10V3
- PEI=PEI+2.0943951
2(2) = FACT#COS (PEI) = B10V31
PEI=PEI+2.0943951 - e
2(3) = FACT#COS (PEI).~ B10V3 - ' . ., . =
"CONTINUE . e

. RETURN.
END
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CORRECTED GANA PUNCTIONS WHEN XCO2¢XH2S IS >0.20°

C ) POR MEA h

| GAHA—O 399117-0 33euozn-02*uu+o 324219F00%EX P (=K0) +0. 1
15% (1.0=(0.21/ (XCO24XH2S) ) ##0.95) + ( (XCO2+XH25-0. u)/(1 0

2+EXP(-(7 2-uu)by¢*(1 1-Exp(-(37u o-r)/1oo 0y
_(2) roa DEA B A‘f;,- :'  e 11 C

"(1) uazu ONLY ONE ACID GAS. IS PRESENT | '_ o

GANA=0. 36640=0.15975 8- 01 %N+, 3ua379300*zxp(-ua)+(o 10

40% (1.0- (0.21/ (XCO2+XH2S) ) #%0.90) +0.1% ((XCO2+XH2S=0. osy-_'.;-
12/ (XH2S+XC02) ) *(1° OS-EXP( (37u o~r)/1oo 0)))*(1 os—zxp(wj_j~’

| o 3- (5.22-88) /10. 0))

(II) ron HIXTURES oF azs AND. coz Lo 1Vif§ﬁ,?°
GAMA=0:36640-0.15975E=01%10+0. 3uu379500tzxp(-50)+(0 0
 1%(1.0-(0.21/(XCO2+XH25)) #*0.90) +0. 5*((xc0241325-0 EV

; 2(xnzs+xc02))*(1 05-EXP (- (374, o-r)/1oo o) | o

“:"CORRECTED?pARfIAL{pnﬁss,,EUﬂcwxous”roB;xcqg;xHZS<o;zo 4;f-»-
- ppa=pazs*(1 O‘EXP(~XH2S*0 01) +2. o*xxp(-(o oe/xnzs))+gxyp~p‘»*
1P (-0.05/ (XCO2+XH2S*1. 0)))*(1 0-0 00009/(1525**2))*(1 o

- 2+(XC02**2)/(2 S*XHZS))

BT ppc Pc02*(1 onnxp(-xcozto 01)«2 otxxp(-(o ov/xcoz))+zx;f{f«7{z
1P (=0.05/(XCO2*%0.24XH2S) ) ) *(1.0-04 ooz/xuzs)*(1 0-0. oon/c‘*?hfw;
L zxcoz)*(1 0¢xazs**2/(1 5*xcoz)) L L ERE
: . .A..zf~-7' 'Uﬁ/JiﬁfQ!"

Y [P
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POLYNOMIAL APPROXIFATIONS&OF:_;'f

K ‘ K "3 K H

et ch' st' Kn
KlY' 'KZY' HC02' Y and a | o

.\‘

. oo
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i (DER) = —TTR09F 6.0415(r = 3B

' .'

! 4.58fx}10311/T+d.06293)11;5]f f' g
T TS T e R

17> 65°c K= of:742x107(1/7-0.0025)-3.634 T =k

3 ’ g ForDEA Tw-}r{a“_, ST e S
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