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Solubility of CO» in Aqueous Solutions of KC| and in Aqueous Solutions of
K2COs3

Alvaro Pérez-Salado Kamps, Eckehard Meyer, Bernd Rumpf, and Gerd Maurer*

Applied Thermodynamics, University of Kaiserslautern, P.O. Box 30 49, D-67653 Kaiserslautern, Germany

A high-pressure view-cell technique based on the synthetic method was used to determine the total pressure
above aqueous solutions of two single salts (potassium chloride and potassium carbonate) and carbon dioxide. In
the series of measurements with potassium chloride, the molality of the salt amounted to about (2 artkg) mol

of water)?, the temperature ranged from about (313 to 433) K, and the molality of carbon dioxide ranged up to
about 1 mol(kg of water)?, corresponding to a maximum pressure of about 9.4 MPa. In the series of measurements
with potassium carbonate, the stoichiometric molality of that salt amounted to about (0.43 and }(Ky ol

water) ! (stoichiometric mass fraction of the salt of about 0.056 and 0.19, respectively), the temperature ranged
from about (313 to 393) K, and the ratio of the stoichiometric molalities of carbon dioxide to potassium carbonate
ranged from about 0.7 to 3.6, corresponding to pressures from about (0.27 to 9.2) MPa. Theligajubr
equilibrium of the systems (CO+ KCI + H,0) and (CQ + K>CO; + H20) (the latter allowing for the precipitation

of KHCOs; that is important in connection with the “Hot Potassium Carbonate (Benfield) Process” and its
modifications by activating additives) is described by means of a thermodynamic model based on Pitzer's molality
scale based equation for the Gibbs excess energy of the aqueous phase. Model parameters are determined from
the new carbon dioxide solubility data as well as from an extensive database adopted from the literature.

Introduction piperazin€,1°or even ammonia. These substances quickly and

B . i , reversibly chemically react with carbon dioxide to form not only
The so-called “Hot _Potassmm Carbona_te (Benfield) Process” corhamate species but also bicarbonate through so-called
uses aqueous potassium carbonate solutions for removal of SOUko\ersion” of the carbamate species.

gases carbon dioxide and hydrogen sulfide from ammonia o o . . i
synthesis gas, natural gas, crude hydrogen, etc. by “chemical” . De_V|at|on from equilibrium provides the driving force_ ina
absorption-# The gas absorption takes place at temperatures kln(_etlgally controlled process. Therefore, to properly design Qnd
well above ambient (around 343 K and higher) and at elevated Ptimize the separation equipment, equilibrium properties
pressures (up to about 2 MPa or more), whereas gas desorptiogmMainly the chemical reaction equilibrium, the vapdiquid
(that is, solvent regeneration in the stripper) occurs at elevated®auilibrium (VLE) as well as information on the energy to
temperatures (up to about 403 K) and low pressures (in particularVaPorize/condense the mixtures) need to be known. In particular,
at low partial pressures of the sour gases). The absorption ofodeling the phase equilibrium for the simultaneous solubility
carbon dioxide in aqueous solutions of potassium carbonate is©f carbon dioxide and hydrogen sulfide in aqueous solutions of
hampered by slow chemical reaction kinetics. In particular, the Potassium carbonate plus additives requires a reliable and
formation of bicarbonate is kinetically hinderédHowever, extensive experimental database on the solubility of the single
relatively high temperature in the absorber highly enhances the9ases in agueous solutions of potassium carbonate as well as
absorption rate of carbon dioxide. In addition, high temperature in @queous solutions of the single additives. The present work
greatly increases the solubility of potassium bicarbonate, foCUSes on one of the interesting subsystems, namely, (€O
therefore allowing operation with highly concentrated solutons. K2COs + H20). A thermodynamic model for describing the
Typically, the stoichiometric mass fraction of potassium carbon- VLE of the system (C@+ K,CO; + H0), which also accounts
ate in water ranges from about 0.2 to Q8toichiometric ~ for the precipitation of potassium bicarbonate (KHEO's
potassium carbonate molalities from about (1.8 to 3.1) (kgl developed. The model is based on Pitzer's molality scale-based
of watery3} 8 but it may reach up to 0.44.8 mok(kg of equation for the Gibbs excess energy of the aqueous phase.
water)}.2 Process modifications intend to further accelerate Model parameters describing interactions between potassium
the absorption of carbon dioxide by activating additives. and carbonate ions are based on experimental data for the vapor
Furthermore, to impede corrosion, appropriate inhibitors are Pressure above aqueous solutions of potassium carbonate as
added. For example, the so-called “Catacarb Process” usessompiled from the literature by Asey@vThese parameters are
aqueous solutions of potassium carbonate and an undisclosedalid for temperatures from about 298 K up to at least 473 K
additive that incorporates a corrosion-inhibiting compoffént. ~ and for stoichiometric mass fractions of potassium carbonate
most cases, the absorption of carbon dioxide is promoted byln water up to at least 0.£stoichiometric molalities of 7.2 mol
the addition of secondary and primary amifié$or example, (kg of water)*}. Model parameters mainly describing interac-
diethanolamine (DEA), which is the original Benfield activeftor, tions between potassium and bicarbonate ions but also between
potassium, bicarbonate, and carbonate ions in Ithe gas
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determined from an extensive equilibrium database. That mco, | Mg,co,
database covers experimental results by Tosh étf@l.the 0 0.5 1 L5
solubility of carbon dioxide in agueous solutions of potassium 2.5 :
carbonate [at temperatures from about 343 K up to 413 K,
stoichiometric mass fractions of potassium carbonate from 0.2 2
to 0.4{stoichiometric molalities from about (1.8 to 4.8) mol a
(kg of water) 1}, stoichiometric molar ratios of carbon dioxide 15 4
to potassium carbonate from 0.1 to about 0.88, and partial
pressures of carbon dioxide up to about 0.92 MPa]. In addition,
the database includes experimental data for the solubility of the
salt potassium bicarbonate in water and in aqueous solutions 05 .
of carbon dioxide and potassium carbonate (for temperatures '
from 273 K to 415 K)1213 L~
Furthermore, in the present work a high-pressure view-cell
technique based on the synthetic method is used to determine
the solubility pressure of carbon dioxide above aqueous solutions
of potassium chloride. The molality of the salt amounts to about Figure 1. Estimated speciation (a,"Kb, OH™; ¢, CO#"; d, HCGs™; e,
(2 and 4) moi(kg of water) %, the temperature ranges from about €92 in aqueous solutions of (GOF KOH) at T = 353.15 K, My =
(313 to 433) K, and the molality of carbon dioxide ranges up Allgnol-kg . (Comments on this figure are given in the text and in Appendix
to about 1 mol(kg of water)?, corresponding to a maximum '
pressure of about 9.4 MPa. These new carbon dioxide solubility
data in aqueous solutions of potassium chloride are used to
determine model parameters describing interactions between
carbon dioxide and potassium ions in aqueous solutions. Thos
parameters are thereby valid for temperatures from (313 to 433
K, so they cover the relevant temperature range for the Hot
Potassium Carbonate Process. By including these parameter
in the model for the VLE of the system (G@ K,CO; + H0),
the model allows us to make predictions of the carbon dioxide
solubility pressure in théiigh gas loading region, where it is
difficult to gain experimental information. To evaluate the model
predictions, a few new experimental results for the solubility

of carbon dioxide in aqueous solutions of potassium (:arbonateweighing a condenser from which the cell is charged, before

were taken in the high gas loading regieagain by means of . . -
the high-pressure view-cell technique mentioned above. In theseand after the charging process on a high-precision balance.

experimental series, the stoichiometric molality of potassium Gravimetric uncertainties amount o 0.012 g. The mass of
cafbonate amounteoi to about (0.43 and 1 7)@9}/0]‘ Wgterfl solvent filled into the cell (approximately 30 g) is calculated
(stoichiometric mass fraction of the salt of about 0.056 and 0.19, from the volume displacement in a calibrated spindie press and

- the solvent density with a relative uncertainty of about 0.15 %.
respectively), the temperature ranged from about (313 to 393) The density of theﬁolvent is known from sepglrate measurements
K, and the ratio of the stoichiometric molalities of carbon

dioxide to potassium carbonate ranged from about 0.7 to 3.6,Wlth a vibrating-tube densimeter (Anton Paar GmbH, Graz,

corresponding to pressures from about (0.27 to 9.2) MPa. TheAuTsma)' librated plati . h d
model is able to reliably predict these new experimental results | WO calibrated platinum resistance thermometers were use

in the high gas loading region. Finally, the few experimental to determine th'e temperature. The uncertainty of the temperature
data for the solubility of carbon dioxide in aqueous solutions measurement is better than0.1 K. When carbon dioxide was

of either potassium chloride or potassium carbonate found in Volumetrically filled into the cell, the pressure was measured
the open literature are compared with predicted results from with two pressure transducelrs suitable for pressures ranging up
the new model to (2.5 and 4) MPa, respectively. The solubility pressure itself

was measured with two other pressure transducers suitable for
Experimental Section pressures up to (6 and 10) MPa, respectively. Commercially

Apparatus and MethodThe apparatus used to measure the aValIable e|eCtr0niC pressure transducers (WlKA GmbH, Klin'
solubility of carbon dioxide in the given solvent (an aqueous 9enberg, Germany) were used. The maximum systematic
is based on the synthetic method. The equipment is particularlythe uncertainty of the pressure transducers (0.1 % of the

suited for elevated pressures from about 0.2 MPa up to 20 MPatransducer's full scale) and an additional contribution of about

volume (approximately 30 cfp Prior to the series of gas tubes filled with solvent, which cor_mect th_e ce_llwith the pressure
solubility measurements, the cell volume is accurately deter- transducers. The temperature drift contribution was determined
mined at a fixed temperature by means of a high-precision in test runs. All pressure transducers were calibrated against a
displacement pump (Ruska Instrument Corporation, Houston, high-precision pressure gauge (Desgranges & Huot, Aubervil-
TX, type 2241). Proper corrections are applied to account for liers, France) before and after each series of measurements.
the small amount of thermal expansion. At any temperature, Preliminary CommentsFigure 1 shows a predicted specia-
the volume of the cell is known to withig: 0.1 %. Details on tion in an aqueous solution of potassium hydroxide and carbon
the gas solubility measuring technique can be found in previous dioxide, wherefg,, and Mg, denote the “stoichiometric”
publicationst4~17 molality of these two componentfthat is, the amount of
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In an experiment, the pressure which is required to dissolve,
at a constant and preset temperature, a precisely known amount
of gas in a precisely known amount of solvent is determined.
Swhen the mass of carbon dioxide, which is filled into the cell
is small{ here smaller than about 1.3 g, which was the case for
all CO, solubility measurements in (KCH H,0)}, it is
Yetermined volumetrically from the known volume of the cell
and readings for temperature and pressure by applying an
appropriate equation of stat&When the mass of the gas filled
into the cell is largeg{ here larger than about 1.3 g and up to
about 6 g, which was the case for all €6blubility measure-
ments in (KCO; + H,0)}, it is determined gravimetrically by
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substance (the number of moles) of a component per kilogram Table 1. Experimental Results for the Total Pressure above
of wate} and Wherem* denotes the “true” molality of all Aqueous Solutions of Potassium Chloride and Carbon Dioxide

solute species {that is, the “true” amount of substance (the T Mkel Meo, p T Mkei Mo, p
“true” number of moles) of solute specieper “true” kilogram K  mol-kgt molkg* MPa K  motkg~t molkg-t MPa
of Xvater} present in appreciable anlounts, namely, potassium 5o e™ 1 904 01235 07354 3132 405 00896 05878
(K™), hydroxide (OH), carbonate (C&"), bicarbonate (HC®), 313.25 01390 07694 3131 0.2082 1.414
and molecular carbon dioxide (G The speciation was  316.15 0.2941 1.823  313.15 0.2115 1.427
calculated by adopting the chemical reaction equilibrium 313.25 03052 1833 3131 0.2241  1.503
constants (for the hydrolysis of water and for the formation of 31325 04340 2,641 313.15 0.2245  1.536
. . 313.35 0.6210 4.003 3132 0.3651 2.554
carbonate and bicarbonate) from the literattr® and by 313.6 0.8213 5854 3132 03666 2.617
estimating the activity coefficients of all species from Pitzer's 313.6 1.0197 8567  313.1 0.5130 3.775
modification of the DebyeHiickel term aloné223 3331 1.994 02831 2390  313.1 0.6718 5.437
. : g 333.15 0.2837 2417  313.15 0.7838  6.940
There are three regions. In region iy /Moy < 1/2), 333.15 0.4201 3715  313.1 0.8739 8.738
carbon dioxide almost completely reacts with potassium hy- 33375 05491 5088 3133 0.8867 9.320
droxide to form potassium carbonate and water: 333.15 0.6709 6.679  313.2 0.8862 9.395
333.15 0.8215 9.016  333.1  4.05 0.2118 2.044
CO,(aq) + 2KOH(aq)— K,CO4(aq) + H,O(l) 0} 353.0 1942 00374 04084 333.15 0.3456 3.482
) _ o 353.05 01771 1851  333.1 0.4644 4.927
In this region, the liquid mixture can be regarded as an aqueousss3.0 0.1765 1.861  333.1 0.5557 6.292
solution of potassium carbonate and potassium hydroxide, where353.05 03111 3.352 3331 0.6228 7.337
carbon dioxide has been practically completely chemically 353.05 04295 4.860  333.15 07225 9.137
bsorbed. Hence. in reai npl h y il pr yr f carb yn 353.05 0.5637 6.784  353.1  4.05 0.1614 2.035
absorbed. Hence, In region |, the partial pressure or carbon zg3 o5 0.6787 8714  353.1 0.2983 3.896
dioxide above the solution is almost zero. 373.05 1942 0.0427 0.6019 353.1 0.3975 5.405
In regions Il and Il (1/2< ﬁ]éoz/m’;OH <1 andﬁféoz/m’;OH 373.05 0.1456 1.850  353.1 0.4795 6.833
> 1, respectively), the liquid mixture can be regarded as an 37395 0.1468 1880  353.15 0.5878  8.909
P uti y)f ; a bonat ; -9 bicarbonates’ 3 - 0.2612 3.385  373.05 3.998 0.0384 0.6092
agueous solution of potassium carbonate, potassium bicarbonatey;sy 03749 4995  373.05 01150 1.720
and carbon dioxide: 373.1 05398 7.701  373.05 0.1747 2.633
373.1 0.5795 8591  373.05 0.2879 4.508
CO,(aq)+ K,CO4(aq) + HO(l) == 2KHCO,(aq)  (I1) 3931 1942 00641 1046  373.05 0.4005 6.653
_ o _ 393.1 0.1421 2129  373.05 0.4056 6.755
In region Il, most carbon dioxide is chemically absorbed, but 393.1 0.1431 2159  373.05 0.4706 8.156
some carbon dioxide is dissolved physically, which results in a 393.1 0.2885 4.331  373.05 0.5070 9.031
small but appreciable partial pressure of the gas above the393.1 8-2332 3222 ggg-gg 3.998 é’ffgf loggfg
solution. In region Ill, a considerable amount of carbon dioxide 05487 9.064 393.05 01105 1.974
is physically dissolved, which results in a remarkable increase 41305 1942 0 0.3361 393.05 0.1852 3.295
of the total pressure with an increase in the amount of the 413.05 0.0368 0.8632 393.1 0.3029 5.538
dissolved gas. Consequently, in connection with the design of ﬂgi g-ﬁgg ;-822 ggg-gg g-i;% ;8;2
absorp_Uon/desor_pt_lon processes of car_bon dioxide in such413.1 01872 3168 4131 23998 0 0.3078
potassium containing solutions, only regions Il and Ill are of 3377 03122 5230 4130 0.0372 09535
importance. In this context, it is therefore reasonable to express413.05 0.3809 6.511  413.0 0.1189 2.453
the composition of such solutions by the stoichiometric mola- 413.05 0.4690 8170  413.05 0.1953 3.930
lities of carbon dioxide (the absorbed acid gas) and potassiumjgg-gg 1.942 (?0334 2-8;25 ﬂg-g 8;3?3 gg%
carboilate Sas the basic electrolytejcézl, Mk,co,). Region I 433.05 01643 3137  413.05 03325 6.856
(0 < Mco/Mk,co, < 1) may be denominated as the low gas 4331 03033 5488  413.05 04073 8.662
loading (low pressure) region, and region litdo,/Mk,co, > 433.05 3998 0 0.5248
1) may be denominated as the high gas loading (high pressure) 433.0 0.0526  1.509
region. The equations to convert the stoichiometric molalities 332'85 8‘2383 ;gg?
(Meon and M) o (Mkco, @and Meo,) are given in Appen- 433.05 0.1866 4.209
dix 1. 433.05 0.2627 5.846
Materials and Sample PretreatmenDeionized water was 433.05 0.3412  7.653
433.05 0.3787 8.597

degassed by vacuum distillation. Carbon dioxide (mole fraction
> 99.995 %) was purchased from Messer-Griesheim (Ludwigs-
hafen, Germany). It was used without further purification. (KCI + H,0), where the gas was volumetrically filled into the
Potassium chloride (p.a., mass fract®r®9.5 %) and potassium  cell, the experimental uncertainty of the gas molality is estimated
hydroxide hydrate (p.amass fraction KOH> 85 %, mass not to surmount 1 %. For the GBolubility measurements in
fraction K;CO3 < 1 %, rest is mainly water) were purchased (KOH + H»0), where the gas was gravimetrically filled into
from Merck GmbH (Darmstadt, Germany). They were degassedthe cell, the estimated experimental uncertainty in the gas
and dried under vacuum for several hours. molality, resulting only from the gas filling procedure, ranges
The aqueous solutions of the strong electrolytes (either KCI from about 0.25 % (at the highest gas solubilities) to a maximum
or KOH) were prepared in a storage tank. The gravimetric of 0.9 % (at the lowest gas solubilities). In (€@ K,CO; +
uncertainty of the stoichiometric molality of KCI was smaller H;0), the experimental uncertainty of the gas molality ranges
than aboutt 0.02 %. The stoichiometric molality of KOH was  from 0.4 % (at the highest gas solubilities) to a maximum of 2
determined titrimetrically with a relative uncertainty smaller than % (at the lowest gas solubilities).
about + 1.6 %. The resulting relative uncertainty of the Experimental Results. (a) System (G& KCI + H,0). The
stoichiometric molality of KCOs in the aqueous solution is  solubility of carbon dioxide in aqueous solutions of potassium
smaller thant 1.6 %. For the C@solubility measurements in  chloride was investigated at salt molalitisgc) ~ (2 and 4)
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Figure 2. Total pressure above aqueous solutions of (KQCQ,) (a, kel ~ 2 mokkg™1; b, Mk ~ 4 molkg™): @, T~ 313.5 K;O, T~ 333.1 K; A,
T~ 353.1K,a, T~ 373.1K;l, T~ 393.1K;0, T~ 413.1 K; x, T ~ 433 K) experimental results;, correlation results.

10

mol-(kg of water)* at temperature$ from about (313 to 433)
K in about 20 K intervals and at pressungsip to about 9.4 S
MPa. The experimental results are given in Table 1. Figure 2
shows them plotted as the pressure against the gas matglify

at a preset temperature.

As can be seen from Figure 2 and according to Henry’s law,
initially the solubility pressure increases practically linearly with
increasing gas molality at a given temperature. Furthermore, at 6 /
a preset pressure and salt molality, the solubility ob@QKCI
+ H>0) decreases with rising temperature. For examplg, at
= 6 MPa, k¢ ~ 2 molkg™, andT ~ (313, 353, and 413) K,
the solubility of carbon dioxide amounts m:o, ~ (0.83, 0.5, 4 4 Y
and 0.36) mokg™!, respectively. Figure 3 illustrates the V
“salting-out” effect induced by the presence of potassium 7
chloride in the aqueous solution, meaning that at a preset //
temperature and pressure, the gas solubility is reduced by the l e
presence of the salt. For exampleTat 313.15 K,p = 6 MPa, 7
and ke =~ (0, 2, and 4) mokg?, the solubility of carbon
dioxide amounts tomco, ~ (1, 0.83, and 0.7) mekg?, z
respectively. The broken curve in Figure 3 gives the correlation
results for the solubility of carbon dioxide in pure water Tat
= 313.15 K) according to Rumpf and MaurférBoth the
behavior of the purely physical gas solubility as well as the Figure 3. Total pressure above aqueous solutions of (KALO,) at T ~
salting-out effect are in accordance with the results from f:juﬁsK— .éor::éclgt?onz r’:g:l':gl; ©. g;%l:tign”:‘;"st?t:'fg;ﬁegL“n‘igia;n g
gai\ggﬂz g]cylﬁﬁtcl)%ztlc?fnie(\)/fe:gfs??c:lrjlgllgﬁ;ﬂ;;{g?rzfgrl’o:)g?nlpnle Mauret® for the solubility pressure above the aqueous salt-free solutions.

NaSQy, NaCl, (NHy)2SOs, NH4CI; see Rumpf et al }22425 The vapor pressure behavior is the typical one observed when
(b) System (C@+ K>COs + H20). The solubility of carbon a sour gas is dissolved in an aqueous solution of a basic
dioxide in aqueous solutions of potassium carbonate wascompound. When carbon dioxide is added to an aqueous solution
investigated at stoichiometric molalities of the strong electrolyte of potassium carbonate, initially the total pressure above the
Mk,co; ~ (0.43 and 1.7) mo(kg of water) (stoichiometric solution (region I, 0< Mco,/Mk,co, < 1) only slightly deviates
mass fraction of the sali,co, ~ 0.056 and 0.19, respectively), from the vapor pressure above the liquid mixture of@; +
which correspond to stoichiometric molalities of potassium H,0), because the volatile gas is almost completely chemically
hydroxide ofiiy, ~ (0.86 and 3.5) me(kg of water)*. The absorbed (see reaction Il and Figure 1). However, when most
temperatures were about (313, 353, and 393) K and the solubility potassium carbonate has reacted (regiommfe,/Mk,co, > 1),
pressure reached up to about 9.2 MPa. The experimental resultgarbon dioxide becomes more and more physically dissolved,
are given in Table 2. Figures 4a and 5a show them plotted asleading to a steep increase of the total pressure. Furthermore,
the pressure required to dissolve the carbon dioxide against theat fixed pressure and stoichiometric molality of potassium
gas loadingTco,/Mk,co, at a preset temperature. carbonate, the solubility of COn (K,CO; + H,0) decreases

p/MPa
N

0 0.2 0.4 0.6 0.8 1
ico, ((mol'kg ™)
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Table 2. Experimental Results for the Total Pressure above From these two equations, the total pressuend the vapor-
Aqueous Solutions of Potassium Carbonate and Carbon Dioxide phase compositiony{ is the vapor-phase mole fraction of
T Mx,co, Mco, p component) are calculatedky co,(T) is Henry’'s constant of
K mol-kg 1 mol-kg MPa carbon dioxide in pure water (based on the molality scale) at
S .
313.2 04279 0.4992 0.4299 the vapor pressure of pure watgpy,(T)}. Correlation equa-
313.25 0.6252 1.029 tions for these two properties were adopted from Rumpf and
313.2 0.6894 1.450 Mauref® and Saul and Wagné?, respectively. The molar
ggg g-gggg gg%‘ volume of liquid waterpw(T, p), was approximated by the molar
313.2 19549 5 362 volume of saturated liquid water;,(T), which was also taken
313.2 1.5340 8.980 from Saul and Wagne® The partial molar volume of carbon
353.1 0.4292 0.4637 0.490 dioxide infinitely diluted in wateryZq (T), was calculated as
gggi g-gigi’ (2).234711 recommended by Brelvi and O‘Con%l(see also ref 28Ris
354.15 0.6472 5256 the umvgrsal gas constant. _
353.1 0.8926 4.936 The virial equation of state, which was truncated after the
353.1 0.9073 5.091 second virial coefficient, was used to calculate the vapor-phase
gggi 1-2822 ;-ggé fugacity coefficients of componerit (¢;) and of pure and
39315 0.4279 0.3650 0.2702 saturated gaseous watefy). Pure component second virial
393.2 0.4304 0.4898 coefficientsBco, co, andBw,w Were calculated from a correlation
393.2 0.4714 0.870 based on data recommended by Dymond and Sthifthe
393.2 0.5016 1.272 mixed second virial coefficientBco,w was calculated as
ggg'is g'ggig i'ggg recommended by Hayden and O’Conr#liDetails on the
393.2 0.7795 4.941 calculation of all required second virial coefficients were given
393.2 1.0437 9.237 previously?8
313.75 1.7125 1.7371 0.329 Activities are calculated from Pitzer’'s molality scale-based
gg;g i-gggi i'g‘l‘i equation for the excess Gibbs energfJ of aqueous electrolyte
313.85 21441 3330 solutiong? 23(see Appendix 2). The activity of a solute species
313.9 2.3362 5.484 i follows from
313.75 2.5123 7.700
353.05 1.7125 1.7233 0.7683 m
353.0 1.8276 1.667 — Yy (3)
aI o’}/I
353.05 1.8391 1.831 m
353.05 1.9080 2.564
353.05 2.0240 4.642 ; i g0 .
353.0 51549 6.672 \l:vhielr_em is the (true) molality of solute specie$m® = 1 mol
393.0 17125 11683 0.2672 g7
393.05 1.5977 0.6854
393.05 1.7174 1.317 m n,
393.05 1.7148 1.463 = (4)
393.0 1.9024 4.174 m whw
393.0 2.0205 6.376
a4 0, = 0.05575.° Wi,co, = 0.05599.€ Wik,co, = 0.19138. wheren; is the (true) number of moles of speciedy, is the
relative molar mass of water divided by 10004y =
with rising temperature. For example,@t 6 MPa, Mk co, ~ 0.01801528), andy is the (true) number of moles of water.

0.43 motkg~1, andT = (313, 353, and 393) K, the solubility =~ The activity coefficient of a solute specigs(on the molality
of carbon dioxide amounts oo, ~ (1.34, 0.97, and 0.85)  scale) is directly calculated from thefGquation, whereas the

mol-kg~1, respectively. activity of the solvent wateay is calculated from the activity
coefficients of all solute species by applying the GibBaihem
Correlation of the Gas Solubility equation.

The reference state for the chemical potential of the solvent _ AS already mentioned in previous wotk,* when Pitzer's
water is chosen to be the pure liquid at systems temperature® - equation is applied to chemical reacting systems, it is much
and pressure, whereas for the chemical potential of a solute®aSier to use the general equations for the activity coefficient
species (carbon dioxide and all ionic species present) it is the Of @ Solute species and for the activity of water as a function of
one molal solution of that solute in pure water at the temperature the interaction parametefg”, 5", B\, and uix, rather than
and pressure of the system, the solute experiencing the samé!sing rearranged equations as a function of comprehensive
interactions as if infinitely diluted in pure water. The VLE parameters (e.gGhy. BQMX, T'emxmx, [e.cmx, see Appendix
condition thereby results in the extended Henry’s law for carbon 2). This does not increase the number of independent parameters
dioxide: but greatly simplifies the computer codes. Such a procedure

was also applied in the present work.
véoz(p - p5) System (C@+ KCI + H,0). Potassium chlorideas a strong
Kico, &N R
and in the extended Raoult's law for water:

aco, = Yoo PPco, 1) eI_ec_tronte—is assumed to completely (_Jlissociate in_quuid water
within the temperature and concentration ranges discussed here,
that is, well below the solubility limit of the salt in watét.
Furthermore, when carbon dioxide is dissolved in an aqueous
s solution of potassium chloride (again within the temperature
Sy ex;{UW(p — pw)] ay = Yy P 2) and concentration ranges discussed here), the dissociation of
w RT WEYW carbon dioxide in the liquid phase can be negleéted.
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Mo, | MK,co, Mo, [ MK,co,

Figure 4. Total pressure (a) and partial pressure of carbon dioxide (b) above aqueous solutiop§@f ¢KCO,) {Mk,co, ~ 0.428 motkg™* (Wk,co, ~
0.0557)}: @, T~ 313.2K;O, T~ 353.1K;a, T~ 393.2 K, experimental results:, prediction results. The “experimental result” for the partial pressure
of carbon dioxide was calculated from the experimental result for the total pressure by subtracting the partial pressure of water, as preditiediehy the

10

()
8 1
()
0
6
I
[=9
= —_
= =
4 ~
S
|}
S
L0
2
-3
0 7 T . —4
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Figure 5. Total pressure (a) and partial pressure of carbon dioxide (b) above aqueous solutiopS@f KCO,) {Mk,co, = 1.7125 molkg™? (Wk,co, =
0.19138): @, T~ 313.8K;O, T~ 353 K; A, T ~ 393 K, experimental results;, prediction results. The partial pressure of carbon dioxide was calculated
from the experimental result for the total pressure by subtracting the partial pressure of water, as predicted by the model.

(a) Interaction Parameters in Pitzer's & Model. (i) System andux+x+ c- was calculated from
(CO; + H0). Following Rumpf and Maurel; the interaction

parametersﬁ(cog3 o, and uco,co,co, Were set to zero. Rumpf :}C¢ )

and Maurer’s correlation of the solubility of carbon dioxide in Hicr k.o = gkl

water covers a temperature range from about (273 to 413) K

and is applicable for pressures well beyond 10 MPa. To facilitate direct programing, the correlation equations for
(ii) System (KCH- H,0). Parameters describing interactions  all Pitzer's interaction parameters used in the present work

between potassium and chloride ions in Waféﬂbﬂ ﬂfﬂ,qﬂ (which are not equal to zero) are listed in Appendix 3.

andCy,,) were adopted from Holmes and MesHe(see also (i) System (CQ + KCI + H20). Parameters describing

Pitzer)3¢ They are valid for temperatures from about (273 to interactions between carbon dioxide and potassium chloride in
523) K and up to the solubility limit of the salf,as long asthe ~ water (ag’g) kel Tcopkeiken, andI'co,co,kc) Were fit to the

salt molality does not exceed 6 mikdg~1. According to the new experzlmental results for the solubility of carbon dioxide in
explanations given in Appendix 2+ cr-c- was set to zero, aqueous solutions of potassium chloride. Again following to
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the explanations given in Appendix 2, in the computer codes, model was extended to allow for a deposition of the salt. The
the parameter8, o\ , uco,k* K+, Uco,crcrs ANdUco,co,cr phase equilibrium condition yields:
were all set to zero arbitrarily. Then:

Kspkrco(T) = 88hco,- (11)
292.86, 49047.9
B« = B+ = 0.49547— =24 22202 (g
COKCI T oK (TK)  (TIK)? © Ksp.krca, is the solubility product for the formation of solid
potassium bicarbonate (on the molality scale). The influence
11‘ =u = —0.000989 @ of pressure orKspkHeg iS neglected. If the activity product
2 COKCIKCE T HCO K CIm ' (right-hand side of eq 11) is below the solubility product,

12.008 potassium bicarbonate will not precipitate from the liquid

I = =_0. e UUC mixture. Some salt will precipitate only if the solubility product

0, C0,Kel ~ Heo,coy: = ~0-039588¢ (T/K) ®) is reachedKsp kHco(T) was determined in the present work.
Details are given below.

(a) Additional Interaction Parameters in Pitzer's & Model.
(i) System (KOH+ H;0). Because the amount of hydroxide
ions dissolved in liquid mixtures of (GOt K,CO; + H0) is
always very small in comparison with the amount of other solute
species, parameters describing interactions between potassium

0.06 MPa andt 1.3 %, respectively. o . .
. and hydroxide ions in water have only a relatively small
System (CQ+ K5COs + H-0). As already mentioned, when influence here, even though, they were included in the program

carbon dioxide is dissolved in an aqueous solution of potassium . .
d P files. ) OH- ﬁ@,ow: andC},, were adopted from Pitzer and

carbonate, three reversible chemical reactions occur: the auto- 3 : e .
protolysis of water Mayorgé (see also PitzeB? 36 These parameters are strictly

only valid at temperatures around 298 K and for potassium
- - hydroxide molalities up to 5.5 mddg~. Again according to
H,O(l) = H"(ag)+ OH Il . > 0 .
20() (aq)+ OH (aq) (I the explanations given in Appendix 2x+* o1 o4~ Was set to
zero, andux+ k+on- Was calculated from

Figure 2 illustrates the very satisfactory agreement between the
experimental results (symbols) and the correlation results
(curves) for the total pressure above liquid mixtures of §GO

KCl + H0). The absolute and relative average deviations

between the experimental and calculated results amouttt to

and the formation of bicarbonate (HGQ and carbonate
(COs%) 1
B Mg+ k+0H- — §C$OH (12)
CO,(aq)+ H,O(l) =HCO, (ag)+ H'(agq) (V)
(ii) System (KkCO3z + H20). First, it is important to know
HCO, (ag)= CO,* (ag)+ H(aq) (V) about the solubility of potassium carbonate in water (see Linke
and Seidel? and Moore et at?). Large amounts of potassium
The condition for chemical equilibrium for a chemical reaction carbonate can be dissolved in water. For exampl& (298,
r (=1, 1V, and V) is 323, 348, 373, 398, 423, 448, 473, 498, and 523) K, the molality
of K,CQ; at saturation in water amounts to about (8.1, 8.8, 9.8,
K(T) = ﬂ a" 9) 11.3, 13.6, 16.7, 17.4, 18.1, 18.9, and 19.2) +kwtl, respec-
i tively. The literature indicates that for 298 KT < 429 K the
stable solid phase isK Oz 1.5H,0.123° Above 429 K, a change
in the crystal structure was experimentally obserffdolit the
solid phase at this elevated temperature has not been identified
yet. Because of the high solubility of potassium carbonate in
o . ) . water, well beyond the salt concentrations that are of interest
the stoichiometric factor of reactanin reactionr (v;, > 0 for ) . . .
! in connection with the Hot Potassium Carbonate Process and

: F}rr?g Eg:aarllr(]:?é Za(t)ic];(r)]rfgrn tﬁg :?r?c;unt of substance (the numberits modifications, it was not necessary to extend the model to
quation - o account for the deposition of 0s3-1.5H0, etc.
of moles) of a speciesin the liquid solution is

When potassium carbonate is dissolved in pure water, with
np=n+ z VirSe (10)
r

Chemical reaction equilibrium constants (on the molality scale)
were adopted from the literaturé); from Edwards et alt?
Ky from Patterson et at? andKy from Patterson et af’ see
also ref 37). The influence of pressurel§nis neglectedv;, is

the exception of very dilute solutions, chemical reactions can
be neglected (see Figure 1). Thus, Pitzer's parameters describing
interactions between potassium and carbonate ions in water
whereg; is the extent of reaction Solving this set of equations (ﬁf?lvcoszf, ﬁ&ll,cof,, and Cﬁzcog) may be straightforwardly
for a given temperature and stoichiometric amounts (moles) of determined from experimental results for the VLE of that

substance$; of H,O, K, CO:2~, and CQ gives the “true” system. Aseyev’d compilation of experimental data for the total
composition of the liquid phase (i.e., the amount of substance pressure above aqueous solutions of potassium carbonate covers
n; of all species present). wide ranges both in temperaturgé € 298 K to 623 K) and in

In addition, in such solutions, the salt potassium bicarbonate composition{ up to W,co, = 0.5 (Tk,co, ~ 7.2 motkg™) for
may precipitate from the liquid mixture (see, e.g., Benson et T up to 393 K, up toWk,co, = 0.6 ([Tk,co, ~ 10.9 motkg™?)
al.)? for T from (398 to 518) K, up tak,co, = 0.7 ([Tk,co, ~ 16.9
mol-kg™1) for T from (523 to 568) K, and up t@i,co, = 0.76
KHCO4(s)= K (aq)+ HCO, (aq) (V1) (Mk,co, ~ 22.9 motkg™) for higher temperaturgs Some
selected data from Aseyev’'s compilatifat T = (298, 323,
In the absorption/desorption processes (with or without any 348, 363, 383, and 398) K, and for stoichiometric mass fractions
activating additives), the deposition of potassium bicarbonate of the salt up toWk,co, = 0.5 were used to determine the
has to be avoided. Hence, it is important to know about the aforementioned parameters. Again according to the explanations
range of conditions where the salt precipitates. Therefore, thegiven in Appendix 2,ux+co? co? was set to zero, and
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WR,CO0s {measured at temperatures from about 298 K to 363 K and at
00102 03 04 05 06 Wk ,co, UP to about 0.51tk,co, ~ 7.5 motkg™1)} are shown
in Figure 6 for comparison. They agree perfectly with Aseyev’s
data and with the calculated results from the new model (relative
average deviation between experimental and calculated results
for the pressures + 0.7%).

"‘% ®
\_""’*'-«.‘“;:__.._-/: Apelblat! reported vapor pressures of water over aqueous

solutions of potassium carbonate at temperatures from (283 to
-0 M 3 313) K, however, only at saturation (i.e., at high salt concentra-
M tions beyond the range of interest). Therefore, these data were
not taken into account to determine the pertaining Pitzer
parameters.
It may also be interesting to compare the results for the
osmotic coefficient of liquid mixtures of ()CO; + H0),

resulting from the experimental data for the total pressure by
AseyeV! and by Puchkov and Kurochkift@with calculation

y \“M\N
\\& results from the model. Neglecting all chemical reactions to

Ig (» / MPa)

scale-based osmotic coefficient in the system is

|
(]
!

|
pm— W (17)

My c
e

25 m°
Mﬂb‘\ The activity of water is calculated from the extended Raoult’'s
% . X \ -

a law by again calculating the fugacity coefficient of pure water

% determine the activity of water in the ideal solution, the molality

in the gaseous phase from the truncated virial equation of state:

(=}
5]
E

6 8 10 12

i, o, /(molkg)
Figure 6. Total pressure above agueous solutions fE®&; at T = (298.15
to 473.15) K: @, experimental data as compiled by Aseyévp,
experimental data from Puchkov and Kurochkffas, calculated from
isopiestic data by Sarbar et“dl(see text),—, correlation/prediction, this
work (see text).

In 2y = (iy BWW)ApHn’ Ap] (18)
P

where Ap is the vapor pressure depression arising from the
addition of potassium carbonate to pure liquid water:

Ap=py—p (19)

As expected, but not at all temperatures, the osmotic coefficient
data resulting from the total pressure from Aséyeand from
Puchkov and Kurochkirfdagree reasonably with the calculated
results from the model (see Figure 7).

Furthermore, Sarbar et & .carried out isopiestic investiga-

Uk* x*.co> was calculated from

V2
Mg+ k+cop- = ?Cﬁzc% 13)

The resulting parameters are

o 82.857 tions of liquid mixtures of (KCOs; + H,0O) atT = 298.15 K
B+ coz- = 0.38621— W (14) and atMy,co, = (0.13 to 8.1) mokg~L. As can be seen from
Figure 7, the osmotic coefficients resulting from the isopiestic
" 6974.6 data of Sarbar et &.systematically deviate (in average by about
Bk cop- = 21.975— TK) (15) +0.12) from the new correlation. That is, they deviate from
the osmotic coefficients resulting from the vapor pressure data
2.69 by Aseyevl! Consequently, the vapor pressure data resulting
M+ k+cop- = —0.00872+ W (16) from the isopiestic data of Sarbar et*alalso systematically

deviate from the new correlation, by abot®.1 % at the lowest

As can be seen from Figure 6, the correlation gives a very good stoichiometric salt molality up to about5.8 % at one of the
description of Aseyev’s vapor pressure data (at least W o, highest stoichiometric salt molalities (see Figure 6). The data
= 0.5) for temperatures ranging from 298 K to at least 473 K. by Sarbar et at? were therefore excluded from the fitting
In these regions, the relative average deviation between theprocedure.
experimental and calculated results amounts to abodit%. (i) Systems (KHCQ + H»0) and (K,CO; + KHCO; +
As expected, beyondik,co, = 0.5, the deviation between the H»0). As explained in Appendix 1, an aqueous solution of
experimental and calculated results for the total pressure potassium bicarbonate is equivalent to an aqueous (stoichio-
increases with rising mass fraction of the salt and with rising metrically) equimolar solution of carbon dioxide and potassium
temperature. However, the concentration and temperature rangesarbonate. As can be seen from Figure 1, in such a solution
with relatively large deviations between experimental and chemical reactions Il to V cannot be neglected, and the solution
calculated results are not of interest in connection with the Hot contains appreciable amounts of carbon dioxide in molecular
Potassium Carbonate Process and its modifications; thereforeform. Hence, Pitzer's parameters involving the species carbon
no attempt was made to improve the correlation there. dioxide may play an essential role here. It is therefore not

The experimental data for the total pressure above liquid recommended to determine the relevant Pitzer's parameters for
mixtures of (KCOs + H,0) from Puchkov and Kurochkié interactions between potassium and bicarbonate in water from



Journal of Chemical and Engineering Data, Vol. 52, No. 3, 20825

WK,COs satisfactorily represented the data. The average relative deviation

0 01 02 03 0.4 0.5 between the experimental and the correlation resultdes
S : : amounted to+ 11.1 % over the entire range of conditions

(£ 8.7 %,4+ 9 %, and+ 13.3 % atWk,co, = 0.2, 0.3, and 0.4,
respectively). It might be noted, that no appreciable improve-
ment was achieved by taking additionally into account the
parametep+ co2 1o, in the correlation (cf Chen et afd).
Next, some literature data for the solubility of potassium
bicarbonate in aqueous solutions of the stoichiometric compo-
nents carbon dioxide and potassium carbonate (all data are,
however, within region Il) were considered: the data compiled
included that of Seidell and Link&{for systems KHC® +

0 H,O (273 K< T < 343 K) and kCO; + KHCO;3 + H,0 (278

2 K < T < 323 K}, Hill and Hill*3{for system KCOs; + KHCO;

+ H,0 (298 K < T < 309 K)}, and Benson et &l{for system

41 W KoCO; + KHCO; + H20 (301.9 K< T < 415.4 K}. The
*Seqecesee®® () solubility data reported by Lyudkovskaya et #lfor the system

0 K2COs; + KHCO3 + H,0 (301.9 K< T < 415.4 K), are not in
2 accordance with the data of Benson et ahd were therefore

discarded. By applying the model with the new parameters, the

41 M solubility product of potassium bicarbonatesplkrco, Wwas
calculated from the saturation datd'2at the different tem-

© peratures. However, a large scattering was observed in the

calculated values, and it was not possible to correlate the results
by only considering the influence of temperature o Kico.

In a second attemplk* co? Hco,- @gain was set to zero,
¢ 1 and 6(K02,Hco3—v ﬂ(Kll,HCO:;' Clico) as well as Kpkrca, Were

(b) simultaneously adjusted to both the VLE dapad,) by Tosh
0 et al® and the SLE data by Benson et BSgidell and Linké?
2 S and Hill and Hill*2 The influence of temperature on all these

03 B parameters (including IKsp kHco,) Was again described bi(T)
41 . = a + b/(T/K). However, this procedure resulted in a much
evec worse description of the VLE data and in a barely appreciable

@ improvement in the representation of the SLE data.
o 1 2 3 4 5 6 71 3 Last, in a third and successful attemply* co? Hcos
was taken into account as welk* cog Heoy s (B nco, »

1) ¢ - i
Figure 7. Molality scale-based osmotic coefficient of agqueous solutions ﬁK*bHC%s” f?KHCO% an%Ksﬁ’KHCQ We;e SImUIta'.’]eoudsht/) e}dJUStedh
of potassium carbonatg = In aw/{ —3M}(Tk,co/m")} at constant tem- FO oth the VLE and the SLE data mentione e c_)re' T_ €
perature: aJ = 298.15 K; b, T = 323.15 K; ¢,T = 348.15 K; d,T = influence of temperature on all these parameters (including
363.15 K; e, T = 383.15 K; f, T = 398.15 K. ®, O evaluated from In Ksp,kHco) Was again described by(T) = a + b/(T/K). In
experimental data for the total pressure abovgO®; + H»0) as compiled addition, according to the explanations given in Appendix 2, in

by Aseyev! and from Puchkov and Kurochkirf@respectively (see text).  the program codesik* o, Hco Was set to zero, and
A, calculated from isopiestic data by Sarbar e€gkee text):—, correlation/ UK K was calculdted ffom
prediction, this work (see text). KT KT HCOs—

g0, /(molkg!)

VLE data for the system (KHCO+ H,0). However, in aqueous Ui g Hco; = %CfiHcoa (20)
solutions of carbon dioxide and potassium carbonate, and at
gas loadingsnco,/Mk,co, Well below 1, carbon dioxide is almost
completely converted to bicarbonate. Here, following Appendix
2, only parameters describing interactions between potassium

The resulting parameters are

and carbonatef) co.-, B cosr and G o), which were © _ ~40.439
already determined as described aboveé, 5)3 well as between Pic- oo, = 0.10662 (T/K) 1)
potassium and bicarbonatgd ,ico - B eo,  aNd Gco), 2648
and in principle also between potassium, carbonate, and ﬂ(Kllcho{ =819-— (22)
bicarbonate g+ co? Hco,~) are important. (T7K)

Three attempts were made to determine the missing param- _ 0.215
eters. In a first attempl+ co2 Heo, Was set to zero, and only M+ ey = —0.000348+ (TIK) (23)
(ﬁf?J)r,HCO{’ ,BSLHCO{, andC,,co.) Were fit to the data base for 0.2181
the partial pressure of carbon dioxidpcé,) above liquid MK+ COp-HCOy = —0.0000118- ——= (24)
mixtures of (CQ + K.COs; + H.0) by Tosh et af In that (T/K)
investigation,T ~ (343 to 413) K,Wk,co, = 0.2, 0.3, and 0.4 4974.48

In Kgp hico, = 16.1646— (25)

{I’T‘kzco3 ~ (1.8, 3.1, and 4.8) mdtg’l}, ﬁbozlﬁ'kzc% ~0.1to
0.87, andpco, amounts up to about 0.92 MPa. The influence
of temperature on these parameters was described by means ofhe model then resulted in a very reasonable description of both
the common equation,f(T) = a + b/(T/K). The model the VLE datd and the SLE dat&!213 The average relative

(T/IK)
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Figure 8. Partial pressures of carbon dioxide (a) and water (b) above aqueous solutions of carbon dioxide and potassium carbonate at preset temperature
and gas-free liquid-phase compositii\) Wi,co, = 0.2 (Tk,co, &~ 1.809 motkg™); (B) Wk,co, = 0.3 (Tk,co, &~ 3.101 motkg™); (C) Wk,co, = 0.4 (Tk,co,

~ 4.824 molkg1)}. Symbols= experimental data from Tosh et%&(®, T = 343.15 K;O, T = 363.15 K;a, T=383.15 K; x, T=393.15 K;A, T =

403.15 K;*, T = 413.15 K).—, correlation forpco,; prediction forpw, this work.

deviation between the experimental results for the partial K

pressure of carbon dioxide from Tosh efaind the calculated 450430410390 370 350 330 310 290 270

results amounts te- 12.2 % over the entire range of conditions

(£ 10 %,+ 9.2 %, andt 14.7 % atwk,co, = 0.2, 0.3, and 0.4,

respectively). In Figure 8, the experimental data for the partial

pressure of carbon dioxideco, (and watemy) from Tosh et &

al2 are plotted against the gas loadifigo,/Mk,co, at preset (5
&
=

N W A

temperature and gas-free liquid-phase composiiggo, = 0.2,

0.3, and 0.4 Mk,co, ~ (1.8, 3.1, and 4.8) mekg 1}, respec-

tively. The curves in the figure represent the correlation results

for pco, and the prediction results fqwy. Within the whole -1

range of conditions investigated by Tosh et 3aland in =2

accordance with the experiment, no precipitation of potassium 3 . . . . . .

bicarbonate is predicted by the model. The vertical bars in Figure 22 24 26 28 3 32 34 36

8C denote the predictions of the model for the limit, at which 1000/ (T/K)

addition _Of _more carbon _d'ox'de to the ‘?‘queous solution of Figure 9. Solubility product of potassium bicarbonate in wate{}p krca)

carbon dioxide and potassium carbonate Witho, = 0.4 result plotted against the temperature. The solid line denotes correlation results

in a deposition of potassium bicarbonate. for In Kspkrco, according to eq 25, this work (see text). Symbols denote
In Figure 9, the solubility product of potassium bicarbonate results from the model presented here for dr+@nco;”) calculated from

in water is plotted against the temperature. The solid line saturation data from different source®; compilation by Seidell and Linké
- ) system KHCQ + H;0); O, compilation by Seidell and Linké (system
represents the present correlation (eq 25). Symbols denote thé<2CO3 + KHCOs + Hy0): . Hill and Hill 2 (system KCOs + KHCOs

numerical values for Inak‘anco,”) of the saturated liquid "y 5). m, Benson et at.(system KCOs + KHCO; + H,0).

mixture calculated from Pitzer's model (with the given interac-

tion parameters) at temperatures and compositions reported iNemf) data in aqueous mixtures of KHGOKCI, and CQ,4%

refs 1, 12, and 13. To allow for a quantitative comparison and to their emf data in aqueous mixtures o0, KHCOs,
between the experimental and calculated results at saturationg,q KCJ45 These investigations cover a temperature range from
the potassium bicarbonate saturation temperature was calcql_ategzm to 318) K. Applying that parameter set leads to consider-
from the present model at a preset liquid-phase composition p|y |arger deviations between experimental results and calcu-
and compared with the aforementioned détd®(see Figure |ated (i.e.,predicted results for both the total pressure above
10). Over the entire range of conditions, the average absolute”quid mixtures of (KCOs; + H,0)1140 and for the partial

deviation between the experimental and calculated temperaturegyressure of carbon dioxide above liquid mixtures of §CO

[—

amoun_ts to about 3 K. K,CO; + H,0) in the low gas loading regidnthan the

It might be noted, that Roy et & reported a set of  correlation presented here. Some other sets of parameters for
Pitzer parametersﬁ@ycojsz,, ﬁfﬁ,eofﬂ Cﬁzcos), (ﬁfﬁ’l,w, those systems were provided by Roy et®dnd by Simonson
B hco,» Chrco)s BEbz meop ti co? meos (@NdBEL, o1 et al?’ In particular, Simonson et &l.extended the temperature

Uk+.co e Uk Heosc), which might have been adopted here  range up to 368 K by considering some additional emf data in
(the correlation by Roy et dP.does not include unsymmetrical aqueous mixtures of KHCKCI, and CQ. These parameter
mixing terms in Pitzer's equation). That set was adjusted by sets could not be tested here, because in these correlations
those authors to the isopiestic data for the systeaC@®% + unsymmetrical mixing terms were included in Pitzer’'s equation.
H,0) given by Sarbar et at?to their earlier electromotive force  Because the liquid mixtures investigated by Roy ¢fdf.and
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20 Bg)())z,KHcoa = ﬁg)())z,KJr (29)
15 o
10 ° L'co,kHeo, ko, = 0 (30)

v ° -

-~ 5 ]

K 0 ®o " R ® e e s "am Fcoz,coz,|<Hco3:#coz,coz,w (31)

~ L g

‘%_5 ° 8'5. ° ", . 0

< 8 § oo .- Thus, by simply including3S, - anduco, co, * (according to
-10 egs 6 and 8) for calculating the VLE of the system (C©
15 K2COs + H20), the model allows for predictions of the carbon
20 dioxide solubility pressure in the higher gas loading ranges.

270 2'90 3'10 3'30 3'50 3'70 3'90 4'10 Calculated results may be checked by comparison with the few
experimental results for the gas solubility reported in the present
Toxp /K . .
_ _ _ _ work. As can be seen from Figures 4a and 5a, the quality of
Figure 10. (Tcaic — Texy) plotted againsflex, whereT is the potassium  these predictions is remarkable. The average absolute deviation
bicarbonate saturation temperature at preset liquid-phase composition.yanween the experimental results for the total pressure and the

(Subscripts exp and calc denote experimental data and calculation results s .
from the present model, respectivel®.,)compilation by Seidell and Linké prediction results amounts 5 0.16 MPa over the entire range

(system KHCQ@ + H,0); O, compilation by Seidell and Linké (system of conditions ¢ 0.12 MPa andt 0.21 MPa afk,co, ~ 0.056
K2COs + KHCO;3 + H,0); <, Hill and Hill'3 (system KCOs + KHCOs and 0.19, respectively). 1B, . and uco,co,x* are set to
+ H20); m, Benson et ak.(system KCO; + KHCOs + H20). zero, those deviations amount #9 0.67 MPa & 0.46 MPa

. . . and+ 0.93 MPa, respectively). Figures 4b and 5b also illustrate
by Simonson et &’ contained considerable amounts of potas- yhe good agreement between the partial pressure of carbon
sium chloride, these emf data were not included in the fitting yjoxide as calculated from the experimental total pressures by

runs in the present work. subtracting the partial pressure of water (as predicted by the
(iv) Systems (C@+ KzCO; + H20) and (CQ + KHCOs model) and the calculated results from the model.
+ H20). In the thermodynamic model used to describe the

solubility of c_arbqn dioxide in aqueous soll_Jtions of potassium Comparison with Literature Data

carbonate, Pitzer's parameters for interactions between carbon

dioxide and potassium Carbonaﬁ(coé k,cop TCOKACOsK COs System (C@+ KCI + H,0). Table 3 reports average relative

and T'co,couk,co) as well as betwéen carbon dioxide and and absolute deviations between experimental results for the

potassium bicarbonate Bg)g) wico. TcopkHCOoskHCo, and total pressure and the partial pressure of carbon dioxide above

Tco,copkHcoy) are still Iackiné. As can be seen from Figure 1, liquid mixtures of (CQ + KCI + H»0) taken from the literature

at véry’high gas loadings well beyomiso,/Mk,co, = 1, only as well as from the present work and correlation/prediction
2 ’ .

the species potassium, bicarbonate, and carbon dioxide appeafeSults from the present model. The experimental ranges for

in appreciable amounts, whereas at gas loadings around 1the temperature, the stoichiometric molalities of potassium

carbonate appears in a smaller amount as well. Therefore toChloride and carbon dioxide, and the total pressure or the partial

determine the mentioned parameters one may use gas solubilityPréssure of carbon dioxide of all the investigations are also given

data in those areas. However, in particular within the temperature!n Table 3. Th_e data by Markham and Kdb@wvhich were taken

and gas-free liquid-phase composition ranges which are of SClely apco, =1 atm_) and by Yasunishi and Yoshf@gwhich

importance in connection with the Hot Potassium Carbonate Were taken only ap = 1 atm) agree very well with calculated

Process (343 K< T < 413 K, 0.2 < W,co, < 0.4, i.e., 1.8 results from the new model (that is, they agree with the new

molkg~ < Mk,co, < 4.8 motkg™) noz such experimental experimental results). However, the data by Kiepe éfalhich

information waé found in the open literature. were taken at pressures up to 10.5 MPa, widely differ from the

Therefore, a more or less pragmatic approach is accomplisheof)esu"[S calculated by the modgh average by 0.53 MPa [12.1
here: Pitzer's parameters for interactions between carbon di- %01} That indicates that the data by Kiepe ef@beverely

oxide and potassium ionﬁﬁfg s HeOnCOnK ANTHCOLK* k), disagree with the new experimental results. In Figure 11, both

which had already been fixed 'previously (the first two according the experimental data (sympols) for Fhe total pressure abpve
to egs 6 and 8, the latter was set to zero), are adopted here. addueous solutions of potassium chloride as reported by Kiepe

50 icti i
described previously, these parameters are based on the solubiff! al>” and th? t?rzdmthn f[e;]ults fr(IJTt thef nevxé) mog_el (goll_d
ity pressures above liquid mixtures of (€@ KCI + H;0) curves) are plotted against the molality of carbon dioxide in

from the present work and are thereby valid for temperatures ';he liquid (gt a priset tenlpg;atlure and att several salt mola!tlt||es)
from (313 to 433) K, so they cover the relevant temperature or cl?n;patr;]son.l t'ﬁ.pe € .asobrepotrh sorrlltef expenrtnen %:O
range for the Hot Potassium Carbonate Process. All other results for the solubility pressure above the salt-free sys er (

e ters (that i@(co) 5O L, + H»0), which are plotted in Figure 11 as well (only at two
m|ssmgiparime T Peo, o COzvfcos*’”COZszf% | temperatures), and which again severely disa§iieeverage
HC0,CO.COF s HCOK' HCOs » HCOHCO; HCOs » Hedico,CO, ANy 0,75 MPa (13.7 %) with the correlation results from the
Hco,cozHeo; ) are setto zero. This results in (cf. Appendix 2): o by Rumpf and Maur&r(broken curves). This model was
based on an extensive experimental database from the literature

(0) — 2.300)
Bco, k,co, = ZﬁCOZVK* (26) for the solubility of carbon dioxide in water and has been
confirmed in a long series of experimental investigations in
Leo,k,cok,co, =0 (27) aqueous solutions of strong and weak electrolytes and in aqueous
solutions of organic compounds (see, e.g., refs 15, 16, 24, 25,
Tco,co,k,c0, = 2Hco,cok+ (28) 28, 33, and 34).

System (CQ + K,CO; + H,0). Table 4 lists the average
and relative and absolute deviations between experimental results
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Table 3. Comparison between Experimental Data from the Literature for the Total Pressure and the Partial Pressure of C®above Liquid
Mixtures of (CO, + KCI + H;0) and Calculation Results from the Present Model

experimental ranges average deviations
T Mkl Mco, p Pco; |Ap/p| |Apl [Apco/Pco,l |Apco,|
source Na K mol-kg~?t mol-kg~t MPa MPa % MPa % MPa
Correlation
this work 98 313-433 <4.05 <1.02 <9.4 1.3 0.06
Prediction
ref 48 16 273313 <4 <0.076 0.1013 1.6 0.0016
ref 49 16 298-308 <4.8 <0.033 0.1013 1.3 0.0013
ref 50 88 313-353 <4 <1.24 <10.5 12.1 0.53
aN = number of experimental points.
T 7
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Figure 11. Total pressure above agueous solutions of (KGLO,) at T ~ 313.3 K (a) and al ~ 353 K (b). Symbols= experimental results from Kiepe
et al® (O, no salt;®, Mkci = 0.5 motkg™%; O, Mk = 1 mokkg™; A, Mkcl = 2.5 motkg™?; A, Mkal ~ 4 mokkg™Y); —, prediction results (based on
experimental data from the present work); - - -, correlation results from Rumpf and Nfdarethe solubility pressure above the aqueous salt-free solutions.

Table 4. Comparison between Experimental Data from the Literature for the Total Pressure and the Partial Pressure of COAbove Liquid
Mixtures of (CO, + K,CO3 + H20) and Calculation Results from the Present Model

experimental ranges average deviations
T Mk.co, Mco, p Peo, |Apipl  |1Apl  |Apco/pcoll |Apco,|

source Na K mol-kg™t MK,co, MPa MPa % MPa % MPa
Correlation
ref 3 132 343413 1848 0.1-0.88 <0.98 <0.92 9.8 0.015 12.2 0.015
Prediction
this work 41 313-393 0.43-1.7 0.7~3.6 0.279.2 7 0.16
ref 52 50 303-370 0.5-1.06 0.5+0.93 <0.084 62 0.01
ref 53 35 298310 0.00250.16 0.23-0.87 ~33x 10-6 5.9 2x 1076
ref 54 9 368 0.049 0.230.69 <5x 104 65 1.6x 104
ref 44 52 383-443 3.1+7.2 0.16-0.86 <1.63 14 0.13
ref 51 65 313353 1.8-3.1 0.075-0.42 <50 x 104 28 2.1x 10
ref 55 28 298323 0.38-0.8 0.58-1.8 <2.3 35 0.13

aN = number of experimental points.

for the total pressure and the partial pressure of carbon dioxidecompositions of many of the aqueous potassium carbonate
above liquid mixtures of (C®+ K,COs + H,0) taken from solutions investigated by those authors were within the ranges
the literature as well as from the present work and correlation/ which are relevant in connection with the Hot Potassium
prediction results from the present model. The experimental Carbonate Process and its modifications (1.8 to 4.8 kgol).
ranges for the temperature, the stoichiometric molality of In Figure 12, both the experimental data for the Qrtial
potassium carbonate, the gas loading, and the total pressure andgiressure by Korbutova et &l.(symbols) and the calculated

or the partial pressure of carbon dioxide of all the investigations results from the new model (curves) are plotted against the gas
are given as well. The data by Lyudkovskaya et*adnd by loading Mco,/Mk,co, (at a preset temperature and at several
Korbutova et aP! are particularly interesting, because the molalities of the salt). That investigation covers a temperature
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Figure 12. Partial pressure of carbon dioxide above aqueous solutions of
carbon dioxide and potassium carbonate at preset temperature and gas-free
liquid-phase compositiofi(a) Wk,co, = 0.2 (Tk,co, =~ 1.809 moikg™?),
(b) Wi,co;, = 0.25 Q"_I'l(z(;o3 r 2.412 molkg‘l), (c) Wi,co, = 0.3 (r'_rkz(;o3 ~
3.101 molkg)}. Symbols= experimental data from Korbutova et3al.
(@, T=313.15K;0, T=323.15 K;A, T=333.15 K;A, T= 343.15 K;
x, T = 353.15 K);—, prediction, this work.

lg (» / MPa)
(]
>

range from (313 to 353) K. However, the investigated gas )
loading range was rather low (to 0.42 at a maximum). Under
those conditions, the partial pressure of carbon dioxide is rather
small (the reported values range up to 5 kPa at a maximum),
and overall experimental uncertainties may become large.
Nevertheless, as can be seen from Figure 12 (and also from
Table 4), the calculated results agree reasonably with the
experimental data by Korbutova et®lTo extend the new
correlation down to 313 K, we also tried to fit the relevant model
parameters to simultaneously describe the data from Korbutova
et al>! and Tosh et at. However, such a procedure did not

lg (» / MPa)
\\K\\

improve the quality of the correlation. -2
The investigation by Lyudkovskaya et“dlcovers a temper- 0 0.2 0.4 0.6 0.8
ature range from (383 to 443) K and a gas loading range from Mo, | MK,

about 0.16 to 0.86. Only experimental results for the total Figure 13. Total pressure above agueous solutions of carbon dioxide and
pressure are reported. The partial pressure of carbon dioxidepotassium carbonate at preset temperature and gas-free liquid-phase
reported in that investigation was calculated by the authors by composition{(a) Wk,co, = 0.3 (Tk,co, & 3.101 motkg™), (b) Wk,co, =
subtracting the total pressure above the gas free solution from0:4 M«co, = 4.824 motkg™), () ik.co= 0.5 (Tkco, ~ 7.236 motkg 1)}
the total pressure above the gas containing solution and isSYMPOIS= experimental data from Lyudkovskaya et®|(a, T = 383.15

. . . K; ® T=2393.15K;0, T = 413.15 K;a, T = 443.15 K);—, prediction,
therefore discarded here. In Figure 13, both these expel"mentalthis work. The vertical bars denote the limit from whieby addition of
data for the total pressure (symbols) and the calculated resultscarbon dioxide-a deposition of potassium bicarbonate is predicted by the
from the new model (solid curves) are plotted against the gas model.
loading (at a preset temperature and at several salt molalities).
At My,co, & 7.2 motkg™, T~ 393 K and 413 K, and fomco,/ amineg?8 (e.g., DEA& or piperazinef;!® which quickly and
Mk,co, > 0.55 and 0.72, respectively, a deposition of potassium reversibly react with carbon dioxide, thereby accelerating the
bicarbonate is predicted by the model. This limit is denoted by absorption rate of the gas.
the vertical bars in Figure 13. As can be seen from the figure,
the experimental results by Lyudkovskaya et‘ahlso agree
reasonably (see also Table 4) with the calculated results.

To consistently describe the phase equilibrium for the
solubility of carbon dioxide in aqueous solutions of potassium
carbonate plus an additive one requires initially a reliable and
extensive experimental data base and a sound correlation of the
solubility of the sour gas in aqueous solutions of the single

In the present work, new experimental results for the solubility compounds potassium carbonate and the additive. In previous
of carbon dioxide in aqueous solutions of either potassium work 345a model for the VLE of the system (G@- piperazine
chloride or potassium carbonate, covering wide ranges of + H,0), covering a temperature range from (313 to 393) K
conditions, are reported. The VLE of the systems {GCKCI and stoichiometric piperazine molalities up to 4 rkg! was
+ H20) and (CQ + K2CO; + H20) (the latter allowing for  presented. That model may now be combined straightforwardly
the precipitation of KHCG) is described by means of a wjth the VLE (and VLSE) model for the system (G& K,COs
thermodynamic model based on Pitzer's molality scale based 4 H,0) developed in the present work, allowing for predictions

equation for the Gibbs excess energy of the aqueous phaseef the VLE (and VLSE) of the overall system (GO K,COs
Model parameters are determined from the new carbon dioxide + piperazine+ H,0).

solubility data as well as from an extensive database adopted

from the literature. The VLE (and VLSE) of the system (€O  appendix 1

+ K2COs + H0) is particularly important in connection with

the Hot Potassium Carbonate Process and its modifications by The stoichiometric molalitiesTk,co, and mMco, (covering
activating additives. These are commonly secondary and primaryregions Il and Ill) are calculated fromm,, and r‘n’(‘:O2 by

Conclusions
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_ oMkon —=f)+ ZVZ—EL](I)—#
Moo, = mK (AL mzn,RT o & e
OH *
ZW z Z e o /"uk (A8)

- 1_. b

Meo, = 5Mkon ) . . o
Mg =————— (A2) The dielectric constant as well as the density of pure liquid water

‘ 1 Meon " are required for the calculation of Pitzer's modification of the
1 +§ me Mw Debye-Hiuckel term f(I). They were approximated from the

whereMy, is the relative molar mass of water divided by 1000
(M}, = 0.01801528), andn® = 1 mokkg™2. If, for example,
Moy = 4 molkkg™, then Mk,co, &~ 1.9304 molkg™ (see
Figure 1). Furthermore in regions Il and lll, the following
equation holds:

*

m
1_.
2mK0H

m
M co,

(A3)

wherem denotes the “true” molality of all solute species present
in regions Il and Il (see also Figure 1).

It might be worth making two particular points in relation to
Figure 1: AtMco/Mk,co, = O, the stoichiometric composition
of the liquid mixture can of course be expressed by the
stoichiometric molality of KCO; alone, and affco,/Mk,co; =
1, it can be expressed by the stoichiometric molality of KHCO
alone (cf., chemical reaction Il). Therefore, the whole range of
compositions within region Il may also be expressed by the
stoichiometric molalities of (KCO; and KHCQ) alone
(Mo, and mig; respectively). The equations to convert

Mkhco,
Mk,co, and Mco, (covering only region II) tomcco, and

k%
Mdico, are

o Mk,co, ~ Meo
Mo, = — o : (A4)
BV E
1- m° MW
e 2T,
Mkiico, Mo (A5)
- M,

Finally, within region 1l the composition of the liquid mixture
may also be expressed by the stoichiometric molalities of
(KHCOs and CQ) alone (Tiico, andmis, respectively). The

equations to convertk,co, andrrk;o2 (coverlng only region Il1)

to Miico, and Mg, are
2 My CO,
Mico, = (A6)
szco3
1- M,
.. Moo, Meco, -
©: My co,
1- me MW

Appendix 2

Pitzer's Molality Scale-Based Equation for the Excess Gibbs
Energy. Pitzer's molality scale based equation for the excess
Gibbs energy GF) of aqueous electrolyte solutiong3g?

properties of pure, saturated liquid watepP’ As usual, binary
and ternary osmotic virial coefficients in Pitze&F equation
were treated as symmetric:

i =4 (A9)
Mie = Uiy = Bk = Mg = Mgy = Mg (A10)
According to Pitzer's equationg;; is written as:
=B+ B 9@ VD) + P g Vi) (ALD)
where the ionic strength of the solution is given by
1_m
== —z2 Al2
" Z A (A12)

and where; is the number of charges on solute(x) is defined
as

(A13)

o) = % [1— (1+ %) exp( ¥)]

ﬂfjo), ,8,] , ”2), f, and ai(jz) are binary parameters. In the
[69]

present work o is set to 2. Furthermores(” is set to O;
therefore, of? is not required. “Symmetrical and unsym-
metrical m|xrng terms® as well as all parameters describing
interactions between ionic species carrying charges of the same
sign were neglected.

When a single (chemically non-reacting) gas G is dissolved
in pure water, the model contains only two interaction param-
eters B anduc,c,9.

For binary systems (watet strong electrolyte M. X,.) it
is not possible to separate the influenceugfu.x from that of
umxx. Both ternary parameters are usually summarized in
Chy:

CK)/IX:

Vv

[V+/4M,M,>< + 1’—/‘M,x,x] (A14)

It is common practice to set eithefmx or umx x to zero and
to reportByy, Birx, andCiy (O tmxx OF tmmx)-

In ternary systems (watet strong electrolyte M. X,_ +
gas G) it is similarly not possible to separate the influence of
M and X on solute G. Therefore, it is common practice to use
the following comprehensive parameters:

Bg),MX = V+'ﬂg),rv| + vsﬁg),x, (i=0,1) (A15)
L' mx mx V+ Ugum T 2V v_sugux T v ﬂe,x,x (A16)
Foomx = Viteomt V_licex (A17)

Bg?Mx is rarely needed to describe the solubility of a gas in an
aqueous solution of a strong eIectronBé(;J?MX, ' vx mx, and
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T'ccmx are usually sufficient for a good description of gas
solubility. In B(G(’?MX, eitherﬂg)?M or ﬁg?x may be arbitrarily set
to zero; inI'c mxmx, ONe can arbitrarily set two of the three
parametergic m.m, 4o mx, andugxx to zero; and inlg G mx,
one can arbitrarily set eithets g,m Or uc,c x to zero.

Appendix 3

Interaction Parameters in Pitzer's Equation for the Gibbs
Excess Energy.

©  _ - 1 1 1_
B - = 0.04808— 758.48 TR 298'151
TIK
4.7062In [2(98 iJ + 0.010072[(T/K) — 298.15]—

3.7599x 10 ®[(T/K)? — 298.15] (A18)

M = 0.0476+303.9|— — —L | ¢
ﬂK ,Cl (T/K)

298.1
TIK
1.066n [AK] | 0.0470In[(T/K) — 260] (A19)
298.1
1 - 1 1
:uK+'K+,CI* = é{ —7.88x 10 4 + 91270[@ - Wl% +
(T/K)J B B
0.58643|r[298_1 0.001298@](T/K) — 298.15]+
4.9567x 10 "“[(T/K)? — 298.1§]} (A20)
©  _ 049547 29286, 490479 )
ook T e O
Ko,k o = —0.000989 (A22)
_ 12.008
HUco,co,k+ = —0.039588+ W (A23)
© o, =0.1298 (A24)
@ 4 =0.320 (A25)
0.0041
Mg gron- =g (A26)
() = 0.38621— 82.857 A7
18K+,CO32* 0.386 —(T/K) ( )
[N — _6974.6
Bl cop- = 21.975 TR (A28)
ooz = —0.00872+ 209 (A29)

(TIK)

B 1ico,- = 0.10662— %’ (A30)
ﬁ(KlJ)r,ch— =8.19— (2%&)8 (A31)

- g-sico, = —0.000348+ ‘()T%Q)S (A32)
s oz oo, = —0.0000118- 0('%&8)1 (A33)
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