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A thermodynamic model calculating the solubility of hydrogen sulfidgSHn pure water and in aqueous
NaCl solutions (6-6 M, 273-500 K, 0-200 bar) is presented. The model is based on a specific particle
interaction theory for the liquid phase and a highly accurate equation of state for the vapor phase. With this
specific interaction approach, this model is able to predig$ Holubility in other systems, such asS+
H,0—N&SQ,, H,S—H,0—CaCl, H,S—H,0—KCI, and HS—seawater, without fitting experimental data from
these systems. Comparison of the model predictions with experimental data indicates that the model is within
or close to experimental uncertainty, which is about 7% 8 olubility. The model is programmed and can
be downloaded from the website: www.geochem-model.org/programs.htm. Online calculation is also made
available on the website: www.geochem-model.org/models.htm. F8esblubility model can be used together
with numerical speciation-solubility modeling codes such as PHREEQC to calculate sulfide mineral solubility
in H,S saturated brines. An example calculation for galena solubility is given.

1. Introduction experimental “noise”, theorists have tried different approaches
. £ th . ) dh to model the HS solubility in aqueous solutions. There have
H2S is one of the most important gases in nature and hasy,qq, quite a few models publish&d?1214 Among these, the

been found_in natural gasesand qui_d inclusions$:* It is also model developed by Carroll and Matfés the most accurate
one of the important components in flue gas generated from , ¢41cylate the solubility of b§ in pure water at low pressures

power plants or the coal gasificqtion procé§§eguestration (P < 10 bar). Carroll and Math&tried to predict the solubility
of thg .gases'lnto geological brlne formation is one of the H,S in pure water in a larger temperature range (from 313
promising options for the reduction of greenhouse gasers: to 513 K) and up to higher pressures from the PeRgbinson-
injection of both CQ and 1S from flue gas may reduce the  gyviakvera equation of state (PRSV EOS). However, this
cost Qf.ga,s sequestration. Therefore, accurate pre(jlctloa&f H  model can only agree well with some of experimental data. It
sqlubll|ty in pure water or in aqueous NaCl soI_utlt_)ns OVer & nderestimates #$ solubility at low pressure™ < 10 bar) and
wide range of temperatures, pressures, and ionic strengthSy,erestimates p§ solubility at high temperatured ¢ 450 K).
especially where data do not exist or where the data are g,y ang Bradielf published a semi-empirical model to predict
scattered, is important for the prediction of the capacity qnd H,S solubility in aqueous NaCl solution from the Pitzer
fate of the injected gases, as well as for geochemical applica-jnteraction modet! This model can only represent data at low
tions. . . . partial pressures of 1% (Pr2s < 30 bar). Based on the equation
There have been many experimental studies on the solubility ¢ state developed by Carroll and Mathdor an HS—H,0
of H2S in pure water and in aqueous NaCl solutions. Because gystem and the Pitzer theory, Suleimenov and Kiippesented
the HS solutions are very corrosive, experimental measurementsy” model to predict the solubility of 48 in NaCl solutions up to
are generally limited to a relatively small range of temperatures, 593 k and 2.5 M NaCl. but it is not accurate in general. The
pressures, and/or io_nig strengths, and the data are in ge”eraﬂ;eochemical code PHREE@an calculate bS solubility at
very scattered and difficult to use. In o_rder to a provide useful 7 atm, but it overestimates,8 solubility at high pressure=(L0
model that can best represent experimental data and reducgyap) pecause it assumes thaBtbehaves as an idea gas. Another
geochemical code SUPCRT9zannot calculate ¥8 solubility
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directly but can calculate the equilibrium constant fosSH Yus= (P— Py )P 4)
solubility. However, the equilibrium constant predicted by z :
SUPCRT92 will underestimate»8 solubility at temperatures  \yhere Pu,o is the saturation pressure of water, which is
greater than 423 K. _ _ calculated from the empirical equation of Shidd&he above

In this article, we present a model for this system covering a assumption may lead to errors (up to about 5%) A5P/RT
largeT—P—mrange with high accuracy. The chemical potential 5, |, ¢ However, these errors approximately cancel each
of hydrogen sulfide in the vapor phase is calculated using the oiher in our parametrization and the effect on the calculation

accurate equation of state (EOS) proposed by Duan €tad of H,S solubility is negligible. A virial expansion of excess
the chemical potential of #8 in the liquid phase is modeled  5ipps energt is used to obtain Iyi,s
piell

with a specific interaction approaéh.The equations of the
model will be discussed in the next section. To evaluate the |, =52 +5 2, +
experimental measurements, the available data are reviewed in VHgs Z Hs=clTe Z Hys-alT
section 3. We found that most of the major data sets are

; . o 5
consistent. The parameters are evaluated from as many experi- ZZCWS a=cMeMs (5)
mental data sets as possible. The model is compared with
experimental data in section 4. In section 5, we try to predict where A and ¢ are second-order and third-order interaction
H.S solubility in non-NaCl solutions and in seawater. Finally, parameters, respectively, amdand a represent cations and

some conclusions are drawn. anions, respectively. Substituting eq 5 in eq 3, we have
2. Phenomenological Description of Gas Solubility yHZSP ;4',32)5
H.S solubility in agueous solutions is determined from the In m, - RT —In Prs+ zlezS—CmC + ZZ}“st—ama+
balance between its chemical potential in the liquid phase, 2S ¢ a

ﬂhzs, and that in the gas phasgy,s. The potential can be ZZCHZS,C,amCma (6)
written in terms of fugacity in the vapor phase and activity in ca

the liquid phase as . . .
quid p In the above equatiord, ¢, and the dimensionless standard

chemical potentialyﬁo)is'l', are dependent upon temperature

and total pressure. %ollowing Pitzer et ®&.we select the

following equation for the parameters:

Ui,s(T, P, m) = 04T, P) + RTIn a,, (T, P, m) =

uONT, P)+RTInm, s+ RTIny, (T, P, m) (1)
Par(T,P) = ¢; + ¢, + ¢yT + ¢,T° + ¢/(680— T) + P +

iy T, P,y) = uiT) + RTInf,, (T, P,y) = i
TP, ( ST.P, C,P/(680— T) + cgP/T (7)

/t‘ﬁ(fs)('l') + RTIny, P+ RTIn g (T, P, Y) 2 Equations 6 and 7 form the basis of our parametrization for
the model.

At equilibrium, u!, « = u", <, and we obtain i .
g His = Hus 3. Review of Solubility Data of HS

YasP 4O T,P) — urT) H.S solubility in pure water and in aqueous NaCl solutions
n—~ =_2 z —In¢y T, P, y) + has been measured for various temperatures, pressures, and ionic
My s RT : strengths (Table %1932 The data of Winklef? Wright and

In T, P, 3
Vsl m ©) (17) Shibue, Y Fluid Phase Equilib2003 213 39.

(18) Pitzer, K. S.; Peiper, J. C.; Busey, R. HPhys. Chem. Ref. Data
The standard chemical potential of,$lin liquid phase, 198413 1.
0 ; : Pt 2511 Uit phase, (19) Winkler, L. W.Z. Phys. Cheml906 55, 344.

M5 1S the chemical potential in hypothetically ideal solution (20) Wright, R. H.; Maass, OCan. J. Res1932 6, 94.

of unit molality 1 The vapor phase standard chemical potential, ~ (21) Wright, R. H.; Maass, OCan. J. Res1932 6, 588.

ﬂﬂ(zos), is the hypothetically ideal gas chemical potential when 44%22)12‘3”8“' F.T. Carmichael, L. T.; Sage, B.IRd. Eng. Chem1952

the pressure is equal to 1 bar. In the parametriza,tih(@, asa (23) Kozintseva, T. NGeochem. Int1964 1, 750.

reference number, can be set to any number because only the (24) Clarke, E. C. W.; Glew, D. NCan. J. Chem1971 49, 691.
. 10) NOT . (25) Lee, J. I.; Mather, A. BBer. BunserGes. Phys. Chenl977, 81,
difference betweep s andy, 5 is important. Here, we setit 1020,

to zero for convenience. According to the equation of state of  (26) Gillespie, P. C.; Owens, J. L.; Wilson, G. M. Sour water equilibria

Duan et al15the fugacity coefficient of S in the vapor phase extended to high temperatures and with inerts present. Presented at the
’ AIChE Winter National Meeting, Atlanta, GA, 1984; paper no. 34b.

of H,S—H,O mixtures differs little from that of pure #$ at (27) Kapustinsky, A. F.; Anvaer, B. Tcompt. Rend. Acad. Sci. URSS
temperatures between 273 and 500 K. Thereforejl)g can 1941, 30, 625.
be calculated from the EOS for pure$i(see Appendix A¥> (28) kozintseva, T. N. Solubility of hydrogen sulfide in water and on

i alt solutions at elevated temperaturesGeokhimicheskic issledaniia v
Because there are few vapor composition measurements for(S)blasti payshennykhKhitarov, N. I., Ed.; Akademiia Nauk: Russia, 1965;

the HS—H,O—NaCl system in the temperature range of this pp 121
study, we have to assume that the partial pressure of water in  (29) Douabul, A. A;; Riley, J. PDeep-Sea Red.979 26, 259.

vapor mixture is the same as the saturation pressure of water,  (30) Drummond, S. E. Boiling and mixing of hydrothermal fluids:
Chemical effects on mineral precipitation. Ph.D. dissertaion, Pennsylvania

Consequentlyyy,s can be approximately calculated from State University, State College, PA, 1981.
(31) Barrett, T. J.; Anderson, G. M.; Lugowski,Geochim. Cosmochim.
(15) Duan, Z.; Moller, N.; Weare, J. Chem. Geol1996 130, 15. Acta 1988 52, 807.
(16) Denbigh, KThe principles of chemical equilibriur@ambrige Univ. (32) Xia, J.; Kamps, A. P.-S.; Rumpf, B.; Maurer, [&d. Eng. Chem.

Press: Cambrige, 1971. Res.200Q 39, 1064.
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Figure 1. HS solubility in pure water (the prediction of this model vs experimental data and other models).
Table 1. Measurements of HS Solubility Table 2. Interaction Parameters
authors system T(°C) P(bar) N T—P coefficient i YRT AH,5-Na CH,s5-Na—cl
Winkler!® pure water 6-90 1.013 14 ca 42.564957 8.5004999E2 —1.0832589E-2
Wright and Maas¥® pure water 560 0-5 34 C —8.6260377E-2 3.5330378E5
Wright and Maas® pure water 560 0-5 34 cs —6084.3775 —1.5882605
Selleck et ak? pure water 37170 6-210 50 o 6.8714437E5
Kozintsevaé® pure water 166330 7~140 14 Cs —102.76849
Clarke and Glew# pure water 6-50 0-1 36 Cs 8.4482895E-4 1.1894926E5
Lee and MathéP pure water 16180 1-70 355 c; —1.0590768
Gillespie et aP® pure water 38204 10-210 44 Cs 3.5665902E-3
Kapustinsky & Anvae¥’” NaCl, KCI 25 1.013 2 . .
Kozintsevad NaCl, NgSQ,,  202-262 16-60 13 at moderate pressures up to 70 bar. Selleck &taaid Gillespie
CaCb et al?8 reported HS solubility in pure water at pressures up to
Douabul agg Riles? seawater 630  1.013 7 200 bar. However, there is a large discrepancy between the two
Drummond NaCl (0-6 M) 80-380 6200 474 data sets at these pressures. The data of Selleckkeabhve
Barrett et af NacCl (0-5 M) 25-95 1.013 172
Suleimenov & Krup@?2 ~ NaCl (0-2.5 M) 20-320 0-140 72 121 bar are not measured but extrapolated from the data from
Xia et al32 NaCl (4-6 M) 40-120 10-100 71 lower pressures. This data set shows a trend th&tddlubility
Xia et alzz NaSQs(0-1M) 40-120 10-100 81 rapidly increases with the increasing pressure at pressures more
Xia et al: (N?f)éf%M) 40-120 10-100 73 than 100 bar, whereas the data set of Gillespie &tiabicates

a Number of measurements.

Maass02! Clarke and Glew# and Barrett et at! for H,S

pressuresR < 5 bar). These data sets agree well with each

other. Lee and Mathét reported HS solubility in pure water

an opposite trend. The solubility of gases (such as @
CH,) is in general increased with pressure, but the slope
gradually decreases. Thus, the data of Selleck &t al.high
pressures are in question. Carroll and Matraso analyzed
solubility in pure water were measured at relatively low the data set of Selleck et @.and concluded that the data of
Selleck et aP? at high pressure$>(> 100 bar) are not reliable.
Therefore, the data of Selleck et?alat high pressure=100
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Figure 2. H,S solubility in aqueous NaCl solutions (the prediction of this model vs experimental data).

bar) are used in the parametrization with low weight. The data no reliable criterion to determine which data are more accurate,
set of DrummongP covers a large temperature range (from 293 we include all these inconsistent data in the parametrization with
to 623 K). A small portion of Drummond's data points between less weight in the fitting. We note that experimental measure-
310 and 350 K deviate from the general data set by more thanments of HS solubility in NaCl solutions at high pressure (

10%. The data of Suleimenov and Krdppre consistent with > 100 bar) and high temperaturé & 393 K) range are ab-
that of Drummoné® with an average deviation of about 7%. sent.

Generally, most of the b5 solubility data are consistent within 1 5 s5|pility data in other salts than NaCl aqueous solutions
errors of about 7%, although there are some data points with

~'at elevated pressures are very limited. Xia etgublished
Some experimental # solubility data in aqueous MaO, and
(NH4)2S0Oy solutions from 313 to 393 K and from 10 to 100
bar with molality up to 6 M. Kapustinsky and Anv&éreported
one data point on §& solubility in aqueous KCI solution at
298 K. Kozintsevé measured bB solubility in agueous Cagl
solution at 475 K and 17 bar, noticing that the partial pressure
of HzS is only about 1 bar.

behavior of HS solutions intensifies, making measurements
more and more difficult and the data less and less certain.
Therefore, this study only tries to model,$ solubility at
temperatures below 500 K.

The most extensive studies of$isolubility in aqueous NaCl
solutions are those of Drummo#tiBarrett et al.3! Suleimenov
and Krupp!? and Xia et aP? Barrett et af' measured b5
solubility in aqueous NaCl solution at 1 atm. Some of the data
of Barrett et aP! deviate from others by about 10%. Xia et 4. Parameterization and Comparison with Experimental

al 32 reported HS solubility in aqueous NaCl solution from 313 Data

to 393 K, from 10 to 100 bar, and from 4 to 6 M. The - _

measurements of DrummoHdcover a large temperature To calculate the BB solubility as a function of temperature,
pressure-ionic strength T—P—m) range (293-593 K, 0-140 pressure, and salt composition, we need to determine the
bar, and 6-6 M). However, there is a large discrepancy between parametersi andg, for Na* and CI in liquid as well as the

the data measured in the cooling and heating procé8ses] standard chemical potentia}tﬁ?s, in eq 6. Because measure-

the deviation between them is more than 20%. Because we havanents can only be made in electronically neutral solutions, one
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Table 3. Calculated HS Solubility (moles per kilogram) in Pure

Duan et al.

Water
T(K)

P
(bar) 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15
1 .0875 .0442 .0119 .0000 .0000 .0000 .0000 .0000
5 .4430 .2613 .1700 .0967 .0066 .0000 .0000 .0000
10 .8633 .5244 3647 .2568 .1461 .0000 .0000 .0000
20 1.6182 1.0194 .7425 5745 .4282 .2546 .0216 .0000
30 1.8415 1.4680 1.1019 .8869 .7128 .5183 .2634 .0000
40 1.8963 1.8630 1.4391 1.1914 9982 .7892 .5180 .1527
50 1.9479 2.0275 1.7501 1.4855 1.2824 1.0661 .7846 .4015
60 1.9958 2.0870 2.0302 1.7664 1.5635 1.3473 1.0625 .6683
80 2.1952 2.4180 2.2772 2.1083 1.9171 1.6480 1.2548
100 2.2874 2.5573 2.6979 2.6162 2.4857 2.2655 1.9096
120 2.3618 2.6765 2.9914 3.0707 3.0399 2.9050 2.6278
140 2.4167 2.7750 3.1879 3.4578 3.5669 3.5553 3.4029
160 2.4507 2.8514 3.3440 3.7752 4.0554 4.2049 4.2269
180 2.4633 2.9045 3.4681 4.0346 4.4984 4.8432 5.0903
200 2.4539 2.9334 3.5586 4.2481 4.8940 5.4604 5.9828

mentioned in section 3. The prediction of this model agrees
well with the data of Drummorid measured in the heating
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Figure 3. Deviation of this model from the experimental data of
Drummond® and Suleimenov and Krugp (a) H,S—H,0 system, (b)
H,S—H,0—NaCl system. The deviation is defined as 100%m} %

exp

~ RIS

of the parameters must be assigned arbitré&file setly,s—ci

to zero and fit the remaining parameters. The teﬂ,ﬁ?yRT
was first evaluated using the,8 solubility data in pure2 water
with a standard error of 4.6%. Thefy,s na and CH,s-Na—cl
were evaluated simultaneously by least-square fitting of solubil-
ity data in aqueous NaCl solutions with a standard error of 5.2%.
The third-order interaction parametég,s na—ci, IS smaller than
the second-order interaction parameters-na by about 1 order

process but deviates by more than 10% from the data points
measured in the cooling process. Figures 1, 2, and 3 also suggest
that our model covers a widé—P—m range. Solubilities of
H,S in pure water and in 1, 2,4 M NacCl solutions (273

513 K, 0-200 bar) calculated from this model are compiled in
Tables 3-7, respectively. Because8 hydrate can form at low
temperaturesT < 306 K) and higher pressures in theS+

H,O system, we fit an empirical equation to predict the
dissociation pressure of,8 hydrate at a given temperature (see
Appendix B). One should be aware of tfie-P range where

the H,S hydrate is thermodynamically stable, when the calcula-
tion is approaching the low-temperature range.

5. H,S Solubility in Seawater: Extrapolation of the
Model

The advantage of the specific interaction approach is that the

of magnitude. The temperature and pressure-dependent coefM0del, though evaluated from binary and temary data, can be

ficients are listed in Table 2.

By substituting the parameters into eq 6, thgSksolubility
in pure water and aqueous NaCl solutions can be calculated
Figures 1 and 2 compare the prediction of this model with the
experimental data. Figure 3 shows the deviation of this model
from the experimental data of Drummoficand the data of
Suleimenov and Krupf? It can be seen from these figures that

applied to more complex systerffdNatural waters often contain
NaCl, MgCh, CaC}, and sulfate and carbonate salts, although

NacCl s often the major component. Because of data limitations,

a model directly fitted to experimental measurements is possible
only for the HS—NaCl—H,O system. In order to treat more
complex systems, we included"™KCa&™", Mg?*, SO2~ in this
model with an approximation proposed by Duan e¥°arhis

most experimental data can be represented by this mode|apprqa}chewas also SUCC?_SSfl?JI_ly used for the prediction,of N
adequately, within or close to experimental uncertainty (about solubility®® and CQ solubility*” in non-NaCl salt solutions.

7%). For the solubility of HS in pure water at high pressures
(P > 100 bar), this model agrees well with the experimental
data of Gillespie et &® Considering that the data of Selleck et

As Duan et aP® proposed, the interaction parametersfd
) of the same charge ions have roughly the same value, and
the CH,—bivalent cation interaction parameters are about twice

al 22 at pressures more than 100 bar are questionable as discussed® 1arge as Ci-monovalent interaction parameters within the

in Section 3, the large deviation of this model from them is not
a surprise. The prediction of the model of Carroll and Mather
is also shown in Figure 1. It is obvious that the model of Carroll
and Mathet can not accurately predict,8 solubility in pure
water at low pressured?(< 5 bar) and at high temperatures
and high pressured (> 450 K, P > 50 bar). SUPCRT92 can
accurately predict the gas,8 solubility at temperatures below
423 K, but it underestimates 8 solubility at temperatures
above 423 K. For the solubility of # in aqueous NaCl solution,
there is a large discrepancy among the data of Drumifasd

(33) Harvie, C. E.; Moller, N.; Weare, J. ieochim. Cosmochim. Acta
1984 48, 723.

accuracy of the experiment, which is true at different temper-
atures and pressures. The £tanion interaction parameters are
relatively small and therefore contribute little to the calculations.
Hence, Duan et & approximated all Cg—monovalent cation
and CH—bivalent cation interaction parametersias,-na and
2lcH,—Na respectively. Here, we adopt this approach to deal
with the solubility of S in seawater-type brines. We ap-
proximate all HS—monovalent cation and 43—bivalent cation

(34) Weare, J. HRev. Mineral. 1987 17, 143.

(35) Duan, Z.; Moller, N.; Greenberg, J.; Weare, J. Geochim.
Cosmochim. Actd992 56, 1451.

(36) Sun, R.; Hu, W.; Duan, Z1. Solution Chem2001, 30, 561.

(37) Duan, Z.; Sun, RChem. Geol2003 193 257.
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Table 4. Calculated HS Solubility (moles per kilogram) in 1 M Aqueous NaCl Solution

T(K)
P (bar) 273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15
1 1679 .0740 .0375 .0108 .0000 .0000 .0000 .0000 .0000
5 .3738 .2201 1434 .0828 .0095 .0000 .0000 .0000
10 7282 4412 .3066 .2166 1259 .0070 .0000 .0000
20 1.3645 .8572 .6232 4821 .3610 2194 .0315 .0000
30 1.5524 1.2340 .9241 .7430 .5981 .4387 .2323 .0000
40 1.5982 1.5656 1.2064 .9972 .8357 .6638 4436 .1498
50 1.6413 1.7033 1.4665 1.2426 1.0723 .8938 .6648 .3563
60 1.6812 1.7529 1.7007 1.4768 1.3061 1.1272 .8952 5776
80 1.8428 2.0244 1.9024 1.7590 1.5999 1.3802 1.0636
100 1.9193 2.1398 2.2523 2.1805 2.0710 1.8912 1.6054
120 1.9807 2.2384 2.4958 2.5574 2.5297 2.4198 2.1990
140 2.0257 2.3196 2.6583 2.8778 2.9653 2.9567 2.8389
160 2.0533 2.3823 2.7869 3.1399 3.3685 3.4925 3.5184
180 2.0628 2.4255 2.8889 3.3536 3.7337 4.0182 4.2295
200 2.0540 2.4484 2.9626 3.5291 4.0592 4.5260 4.9638
Table 5. Calculated HS Solubility (moles per kilogram) in 2 M Aqueous NaCl Solution
T(K)
P (bar) 273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15
1 .1453 .0639 .0325 .0100 .0000 .0000 .0000 .0000 .0000
5 .3223 .1894 1236 .0724 .0116 .0000 .0000 0000
10 6277 .3794 .2634 .1868 1107 .0126 .0000 .0000
20 1.1758 .7366 .5345 4135 .3110 .1931 .0384 .0000
30 1.3373 1.0600 .7920 .6362 5129 .3794 .2088 .0000
40 1.3764 1.3444 1.0335 .8530 7151 .5707 .3881 .1470
50 1.4132 1.4623 1.2559 1.0622 9163 .7658 5756 .3221
60 1.4473 1.5045 1.4559 1.2617 1.1151 .9639 7708 .5097
80 1.5808 1.7320 1.6241 1.4997 1.3645 1.1814 9212
100 1.6456 1.8298 1.9215 1.8573 1.7634 1.6135 1.3794
120 1.6975 1.9131 2.1280 2.1766 2.1514 2.0600 1.8808
140 1.7352 1.9815 2.2652 2.4475 2.5193 25131 2.4206
160 1.7580 2.0340 2.3735 2.6688 2.8594 2.9646 2.9931
180 1.7653 2.0698 2.4591 2.8487 3.1670 3.4071 3.5917
200 1.7569 2.0884 2.5206 2.9960 3.4406 3.8340 4.2090
Table 6. Calculated HS Solubility (moles per kilogram) in 4 M Agueous NaCl Solution
T(K)
P (bar) 273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15
1 1160 .0508 .0261 .0090 .0000 .0000 .0000 .0000 .0000
5 .2557 .1497 .0980 .0590 .0143 .0000 .0000 .0000
10 4977 .2993 .2074 1481 .0912 .0197 .0000 .0000
20 9317 .5804 4195 .3245 .2462 .1590 .0471 .0000
30 1.0591 .8347 .6209 4976 4024 .3025 1781 .0174
40 1.0895 1.0580 .8093 .6660 .5586 4497 .3157 .1425
50 1.1181 1.1501 .9828 .8282 7139 .5997 .4596 .2770
60 1.1445 1.1827 1.1386 .9829 .8672 .7518 .6091 .4208
80 1.2415 1.3529 1.2631 1.1633 1.0589 .9231 .7356
100 1.2911 1.4277 1.4924 1.4380 1.3641 1.2528 1.0851
120 1.3305 1.4912 1.6508 1.6825 1.6602 1.5927 1.4667
140 1.3587 1.5429 1.7553 1.8892 1.9404 1.9368 1.8766
160 1.3752 1.5823 1.8372 2.0574 2.1986 2.2790 2.3103
180 1.3796 1.6085 1.9014 2.1935 24314 2.6136 2.7628
200 1.3717 1.6214 1.9470 2.3042 2.6378 2.9355 3.2283

interaction parameters as,s-na and 24u,s-na respectively,
and approximate all ternary parameter§ias-—na-ci. With these

approximations, the following equation is obtained.

Inmy s=Inyy by sP — #:ﬂgs/RT_ 2y s Na(Mya T+

0.42myy, + 2Mc, + 2Myg) — &y s Na-ciMei(Mya T My, +
Myg + M) — 0'18“804 (8)

In order to test this approximation, we compared eq 8 with

experimental data of ¥ solubility in aqueous N&O, and
(NH,4)2SO, solutions3? aqueous KCI solutioR’ aqueous CagGl

solutions?® and seawat€e¥, respectively. Figures-46 show that
this approximate approach can prediciSHsolubility data in
aqueous N8O, and (NH,),SO, solutions and in seawater (the
chemical composition of seawater is from Holl&)dvith an
absolute average deviation of less than 5%, which is within the

experimental uncertainty. Table 8 indicates that eq 8 can predict

the solubility of HS in aqueous KCI solution, but for the,8l
solubility in aqueous Cagholution, the deviation of this model
is more than 15%. We doubt the reliability of the three data

(38) Holland, H. D.The chemistry of the atmosphere and oce#lvigey-

Interscience: New York, 1978.
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Figure 4. H,S solubility in aqueous N&O, solutions (the prediction of this model vs experimental data).
Table 7. Calculated HS Solubility (moles per kilogram) in 6 M Aqueous NaCl Solution
T(K)
P (bar) 273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15
1 .1010 .0440 .0227 .0085 .0000 .0000 .0000 .0000 .0000
5 2212 .1290 .0845 .0519 .0158 .0000 .0000 .0000
10 4303 2574 .1780 1275 .0807 .0234 .0000 .0000
20 .8050 4987 .3589 2772 .2116 .1405 .0513 .0000
30 .9147 7167 .5305 4240 .3433 .2610 .1610 .0342
40 .9405 .9079 .6910 .5666 4750 .3845 2762 .1389
50 .9647 .9865 .8385 .7038 .6057 .5102 .3964 .2513
60 .9870 1.0138 .9709 .8345 7346 .6376 5212 3712
80 1.0632 1.1523 1.0709 .9831 .8944 .7829 .6334
100 1.1046 1.2148 1.2638 1.2132 1.1490 1.0571 .9239
120 1.1372 1.2675 1.3963 1.4174 1.3954 1.3392 1.2402
140 1.1602 1.3101 1.4830 1.5895 1.6280 1.6242 1.5792
160 1.1731 1.3422 1.5506 1.7289 1.8418 1.9069 1.9372
180 1.1757 1.3632 1.6031 1.8411 2.0340 2.1827 2.3098
200 1.1679 1.3727 1.6398 1.9319 2.2037 2.4474 2.6924

Table 8. Solubility of H,S in Aqueous KCI or CaCl, Solution:
Comparison of the Prediction of Equation 9 with the Experimental

Data
T(K) P (bar) salt My2s(exp) Myzs(model)
298.2 1.045 1.03M KClI .09G7 .0865
475.2 18.727 .27M Cagl .0279 .0232
475.2 18.717 .66M Cagl .0232 .0199
475.2 18.647 .63M Cagl .022¢ .0188

aKapustinsky and Anvaé¥. P Kozintseva®

points because the partial pressure ofSHs too small as
compared to the total pressure.

6. Calculation of Galena Solubility in NaCl Brines

The H:S solubility model described in the preceding pages
can be linked to speciation and solubility models to calculate
sulfide mineral solubility in HS saturated aqueous solutions.
Below, we give an example of calculations of galena (PbS)
solubility in NaCl brines. In this study, we used the computer
code PHREEQC 2.18 which has an option for Pitzer's specific

ion-interaction modét to calculate activity coefficients using
parameters from a database for Pitzer model parameters. This
option of Pitzer's approach was adopted from the program
PHRQPITZ with ion-interaction parameters from Plummer et
al3° The Pitzer equations in the program PHRQPITZ are based
on the formulation of Harvie and Wedfeand Harvie et af?

In order to calculate galena solubility in,8-saturation
aqueous solutions with different NaCl concentrations, we should
know the equilibrium constants for Pichloride complexes and
relevant ion-interaction parameters. The specific ion-interaction
parameters between dissolvegS3-and NaCl determined by this
study were used. Following the approximation proposed in
section 5, we setn,s—ppto be twicedp,s na and setp,s po-ci
to be equal t@&n,s-na—ci- The logK values for galena dissolution
were taken from Barrett and AnderstnThe equilibrium

(39) Plummer, L. N.; Parkhurst, D. L.; Fleming, G. W.; Dunkle, S. A.
U.S. Geological Suley Water-Resource #estment Repar88-4153, 1988.

(40) Harvie, C. E.; Weare, J. KFeochim. Cosmochim. Acf®d8Q 44,
981.

(41) Barrett, T. J.; Anderson, G. MGeochim. Cosmochim. Acfi288
52, 813.
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Figure 5. H,S solubility in aqueous (NB,SOs solutions (the prediction of this model vs experimental data).
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Figure 7. Galena solubility as a function of NaCl concentrations in

) . H,S saturation conditions at 2&. Symbols are experimental data from
constants for the first three Pizhloride complexes and relevant gz irett and Andersoft, and the line is from speciation-solubility

ion-interaction parameters determined by Millero and Bf#ne  modeling.
were used. Felmy et &F.investigated PbGlsolubility in the
NaCl-H,O system at 25C and found it was necessary to

include the aqueous complex PREI for the ion-interaction  prediction of this study agrees well with the experimental data.

model to fit experimental data in the PRENaCl-H0 system,  Similar calculations for other sulfide minerals are also possible
especially in the concentrated NaCl brines. Thus, this study but are limited by the availability of Pitzer parameters,
added the ion-interaction parameters relevant to Pb@eter- particularly at high temperatures.

mined by Felmy et a2 in the calculation. The equilibrium
constants for the aqueous complexes of Pb and ion-interaction

. . . ; 7. Conclusions
parameters used in the modeling are given in Table 9.

Figure 7 shows the prediction of galena solubility at’Z5 A H,S solubility model has been developed based on the
and compares it to the experimental data of Barrett and equation of state of Duan et Hl.and the theory of Pitzéi
Andersori! in a NaCl concentration range of-6 M. The Comparison with experimental data demonstrates that this model

gives results within or close to experimental uncertainty (about

1151‘22) Millero, F. J.; Byme, R. HGeochim. Cosmochim. Act84 48, 7%) in the temperature range from 273 to 500 K, with a

(43) Felmy, A. R.; Onishi, L. M.; Foster, N. S.; Rustad, J. R.; Rai, D. POssibility of extrapolating to 513 K, for pressures from 0 to
T.; Mason, M. J.Geochim. Cosmochim. Ac200Q 64, 3615. 200 bar, and for ionic strengths from 0 to 6 M. Following the
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Table 9. Modeling Parameters for the HS—PbS—NaCl—H,0

System
|Oglo K
reactions (25°C) refs
PB** + CI~ = PbCI* 1.48 Millero and Byrné?

PR+ + 2CI- = PbCh 2.03 Millero and Byrné?
Pt + 3CI- = PbCh~ 1.88  Millero and Byrné?
PB** + 4 CI- = PbCl2~ 0.14 Felmy et af3

H,S(g)= H2S(aq) -0.988  Johnson et™l.

PbS (galena) 2H" = —7.90 Barrett and Anderséh

PB*™ + HzS(aq)

Binary Parameters

species BO AL BA c? refs
PR**—ClI- 026 1.64 0.088  Millero and Byrig
PbCI—CI~ 0.15 Millero and Byrné?
H+*—PbCk™ 0.27 0.63 Felmy et at*3
H*—PbCl2~ 0.7 Felmy et af3
Na"—PbCk~  0.092 0.68 Felmy et at*®
Na"—PbClL2~ 0.424 Felmy et al3

Ternary Parameters

A (CI-—PbCbh(aq)) 0.12 Millero and Byrné?
A (Na*—PbCk(aq)) 0.1% Felmy et a#*3

A (Na"—HzS(aq)) 0.091 this study

A (P —H,S(aq)) 0.181 this study

0 (Na*—PB?") 0.10 Felmy et af3

0 (Na"—PbCIt) 0.0972  Felmy et al®®

¢ (Nat—Cl-—H,S(aq)) —0.0108 this study
C(PP*—Cl-—H,S(aq)) —0.0108 this study

aThese numbers were corrected to the positive values.

approach adopted by Duan et &lthis model is extended to
predict HBS solubility in more complex brines such as seawater
with remarkable accuracy. This model can be used together with
codes such as PHREEQC to calculate the solubility of sulfide
minerals. The program to calculate$isolubility in pure water
and in aqueous NaCl solution can be download from our
website: http://www.geochem-model.org /programs.htm.
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Appendix A: Equation of State for H,S

The equation of state for 43 has the following form:

PV, a +alT> + 8T
=_'=1 +
Tr Vr
a,+afT’ + afT> LAt aT>+ ayT, .
V2 A
aota T’ +aT’ | a, /a et ext] — s
V3 Tr3Vr2\ 14 V2 V2
(A1)

whereP,, T;, andV; are reduced pressure, reduced temperature,
and reduced volume, respectively. They are defined as follows:

P

P = o) (A2)
T

T = T (A3)

Duan et al.

(A4)

whereP; andT, are the critical pressure and critical temperature,
respectively.T. = 373.6 K, andP. = 90.08 bar.\; is not the
critical volume but is defined as follows:

_RT,

5 (AS)

Cc
Cc

where R is the universal gas constanR = 8.314467
Pam3K-1mol-l. The parameters of eq Ala—as, are
evaluated fronPVTand saturation pressure data ofS-H Their
values are listed in Table Al. The mole voluief H,S at a

Table Al. Parameters for Equation Al

parameter value
a 5.2386075E2
a —2.7463906E-1
ag —9.6760173E2
y 1.3618104E-2
as —8.8681753E-2
as 4.1176908E-2
a7 3.6354018E-4
ag 2.2719194E3

—7.6962514E4
—2.1948579E5
—1.1707631E4
4.0756926E-5
5.7582260E-2
1.00
0.06

dg

aio
ai1
a2
ai3
ai4
ais

given T (K) and P (bar) is calculated as follows. Firs¥; is
calculated by substituting eqs A2 and A3 into eq Al for a given
T (K) and P; V; will be obtained by solving eq Al. TheW,is
calculated from eq A4. The formula to calculate the fugacity
coefficient of HS, which was deduced from eq Al, has the
following form:

a, + a T+ a)fT? N

ne(T,P)=Z—1—-InZ+

Vr
a,+afT>+ayT> L& + ag/T> + aT> N
2v7? av
a,ta/T’+aJT’ a
10 11 r5 lZ/r ;.3 a14+1_ a14+1+
5V, 2T a,,

&5
V2

r

a.
-=7|| (n6)

¢

Appendix B: Empirical Model for the Equilibrium
Pressure of HS Hydrate

H.S hydrate is thermodynamically stable at low temperatures
and high pressures. We use the following empirical equation
to calculate the equilibrium pressure of$ihydrate at temper-
atures below 302.7 K:

In P = —54.05881+ 0.1492947 + 3624.257T (B1)

When 302.7 K< T < 306 K, eq B2 is used

P =400391.1- 2754.77T + 4.731154%  (B2)
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The units of T andP in eqs B1 and B2 are kelvin and bar,

Energy & Fuels, Vol. 21, No. 4, 202065

y = activity coefficient

respectively. The parameters of eqs B1 and B2 are fitted to theu = chemical potential

experimental data compiled by Sloh.

List of Symbols

Notation

T = absolute temperature in kelvin

P = total pressure= Py,s + P20 in bar

y = mole fraction of HS in the vapor phase

R = universal gas constant; 0.08314467 bat-mol-1-K~1
m = molality of H,S or salts in the liquid phase

¢ = fugacity coefficient

(44) Sloan, E. DClathrate Hydrates of Natural Gase2nd ed.; Marcel
Decker: New York, 1998.

Ams—ion = the second-order interaction parameter
Ch,s-cation-anion = the third-order interaction parameter
Par= parameter

Subscripts
a = anion
c = cation

Superscripts

vV = vapor

| = liquid

(0) = standard state
ag = aqueous solution
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