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of the samples. Seven samples taken directly from our CO, supply tank showed
a mean concentration of carbon dioxide of 99.84 mole percent. Standard de-
viation of the mean was == 0.18 mole percent.

i i TasLe 1 (Continued) :
very high pressures and also shows a i
n0sC 10°C data of Todheide (ms) and Malinin (19503, ut das. e gy ooy ad the
bars liq phase gas phase bars liq phase gas phase “ and the data of Malinin are all in almost mx.mon a e ol Homro_mmw,
100 1.40 95.6 900 345 84.0 i mental ranges overlap in the liquid region. Our wmﬂmﬂru £ L
% W% www wﬁ wwm %.w | reasonably good agreement with that of Malinin even though nw”mmwmm_om- vy
400 260 93.2 1200 3.75 81.6 ‘ _.._.r of the two sets of data is small. Unfortunately our mmnmm are :oaow o oéM
500 2.80 914 1300 wwmo wwm W with the results of Todheide especially at lower temperatures. In e m&ooou
w% wmm ww.w wm% 200 80,0 , isotherms lie at lower CO, concentrations than do the mmom_ma. Wn%omr our
e R 84 m..::___e T oMq critical curve lies at about 10 mole percent _osmnam%n 8”8”%”.
tior iti : 3 .
In general, samples were taken at intervals of from 6 hours to 7 days _:._“,..mo_”.w:qomwmu__w MM_%M”_@ M_MM—M_Mnomqu,omrE.mm. Mx\n.v,mrgo that the difference
depending on temperature and pressure. Approximately 0.1-0.3 grams of sam- s of Todheide lies in'a fundamental difference
ple were taken for determination of the gas phase, and 0.4-1.5 grams were 1700
taken for the liquid phase.
Three or four samples were taken at each sampling period. The first-part 1600} ﬁ
of the sample flow was discarded. This part of the sample was normally con- >
taminated by residual material in the capillary tubes and sampling block. The 3001
volume of our lines and blocks was approximately 0.4 cc, thus generally 0.3- ook
. . - 1
1.0 gram of sample was discarded with each sampling. A pressure drop of | ;
between 4 and 100 bars took place during the sampling. However, the values w 1300k _ i
are recorded at the pressure prior to sampling. Temperature drop during ! I &) H
sampling was normally less than 1°C. In general duplicate determinations of 1200} _ W
liquid phase composition agreed within the error of titration and weighing. | y W_ t
However, in the case of the gas phase, deviation from sample to sample under | 1100 w_ &
presumably duplicate conditions was considerably larger and much beyond the = 4 W_
error in titration. The scatter of results in the sampling of the gas phase is 1000 =l o
believed to be owing to condensation in the sample lines and sample block. The 3 ; x| 5
v o : : ; — 900 ©
deviation of results in the gas phase was reduced by sampling at very low rates. | o =
The carbon dioxide used during the course of this investigation was | Z 800 U
analyzed by the same means as that used in the determination of composition @ ®
3
a

e —— —t

RESULTS

Results obtained in the present experiment program are shown in table 1.
Compositions of the gas and liquid phases are expressed in mole percent car- |
bon dioxide. These coexisting compositions are taken from smoothed plots of
the experimental results. The pressure-composition diagrams and temperature-
composition diagrams are shown in figures 2, 3, 4, 5 respectively.

A three dimensional view of the CO.~H.O system showing pressure, tem-
perature, and composition is shown in figure 6. A pressure-composition dia-
gram in which composition is shown on a log scale is presented in figure 7.

The detailed relationships in the regions of low carbon dioxide concentration, oo 10 0 u_o L L ! A - :
a region of interest to geologists, are better displayed in this plot. Data for the HMVO S0 60 70 80 90 100
50° and 100° isotherms shown in figure 7 have been taken from the work of ¥ B LE % CO,

ig. 2. Tsotherms show

Wiebe and Gaddy (1939). Figure 8 shows the results of some recent work at = H.0-CO,. ing the compositions of gas and liquid phases in the system
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in experimental technique. This difference is discussed in a later section of this
paper. In general, however, the form of the phase diagrams and the phenomen-
ology reported is the same in our work and the work of Todheide.

Figure 8 shows data obtained at pressures above 1600 bars. Our data
points are shown by means of filled and opened circles. Samples represented by
filled circles were taken from the upper part of the bomb, and samples repre-
sented by open circles are from the bottom part of the bomb. It is interesting
to note that inversion takes place in the system. At high pressures the water
rich phase floats on top of the carbon-dioxide rich phase, whereas at lower
pressures the carbon dioxide rich phase floats on top of the water rich phase.
Along each isotherm there is a pressure at which the density of the two co-
existing phases is the same even though the bulk composition of the coexisting
phases may be grossly different. The pointlessness of continuing the normal 1
atm distinction between the gas and liquid on to higher pressures is strikingly
evident here. For instance, consider the 260° isotherm. At low pressures there
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is a very sharp density distinction Letween the water-rich phase and the CO.

rich gascous phase, whereas if one follows the carbon dioxide rich as rmmM
along the 260° isotherm, at a pressure of approximately 2200 atm mmmu wwm i

now heavier than its coexisting liquid, and it sinks through the liquid Sm “_M
on the bottom of :mm bomb. Temperatures and pressures where M_o two ﬂumm
w_.__.“mu.mon“ MM %%mmmwmmw wﬁ%om.msm density range from approximately 1300 bars

The critical curve of the system H,0-CO, has a minimum critical t

perature at about 265°C at a pressure of approximately 2150 bars. The OMB.
position near the minimum critical temperature is approximately wu. mole =
cent A...\_.%oz dioxide. Thus, in this system, increasing pressure tends to mzn_.mxu..
,..:_:_;‘__:. of CO; in water and solubility of water in CO, gas until a nommn“”a
of w_.oo bars is reached. At pressures above this the effect of mnoqmwmmw X
sure is to cause the two fluid phases to diverge more and more widely mm MMMM“

position as CO, segregates out in the dense fluid ph
. : ase
into the lighter fluid phase. 2 i
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Precise determination of the minimum on the critical curve is most diffi- O it cive i in f
cult as very slight changes in temperature bring about drastic changes in the s rve shown In figure 9 decreases steadily toward a minimum
composition of the coexisting fluids temperature &nd then increases in temperature at higher pressures. Such

3 characteristics of a critical curve have been sho i o
> be wn b o
DISCUSSION y Krichevsky and Ziclis

Our data as shown in figure 8 are in good agreement with the results of
Malinin but depart sharply from the results of Todheide. 41500

Ellis and Golding (1963) state that at least 24 hours were required before
equilibrium between water and CO, was obtained. Malinin (1959) does not BaRs
report the time required for attainment of equilibrium in his runs. Todheide, : )
on the other hand, states that the time to reach equilibrium was only 1 hour. \“ “

However, Todheide fitted his bombs with internal stirrers. In our study we il \ /
found that at high tempeartures and low pressures, that is, temperatures above / m\ ]
270°C and below 700 bars, 24 hours were sufficient for complete mixture of | Q
water and carbon dioxide. However, at higher pressures and lower tempera- ! ooov 1000
tures where the system was heterogeneous, substantially longer times were re- ! _
quired for equilibrium. We assume this to be a result of increasing viscosity 1 /J|\\ 1
and decreasing diffusion speeds of this system at the higher pressures and lower . 5 > ~Hu 4
temperatures (Quinn and Jones, 1936; Keyes, 1950; Walton, 1960). Our in- : | m 3 e |
vestigation showed that at least 3 days were required for equilibrium at a i | \ /
temperature of 200°C and substantially more than 1 week was required at ! |
110°C. / \
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(1943) and Ziclis (1947) to be characteristic of binary systems such as nitro-
the criti : o

e critical point of carbon dioxide. The general phase relations are shown i
wn in

gen-sulphur dioxide, nitrogen-ammonia, and methane-ammonia. These systems,

like the one we have studied, consist of binary systems at which one molecule figure 10.
has a strong dipole moment and the other molecule has none. We do not know One of the more unusual as ts of
that the isotherms in this system, diverging at the highest pressures we have in density where the CO,-rich rwmmn . ﬁw the system m.mmOlﬁOu is the inversion
used, will close again at higher pressures. Ziclis has studied the binary system pressures the densest of the ﬂs.w ooM . e Dpoures is the lightest and at high
but his upper isotherms are still diverging. | water and carbon dioxide as a ?:Q“Mn“mnmﬁwwww% m_mwom at the densities of
rature and pressure shows why

nitrogen-ammonia to 15,000 bars,
Todheide inferred the presence of an upper critical end point in the system

such inversion should tak
an uppr criial end punt in the eyt ake place (Kennedy, 1954 ; Holser and Kennedy, 1958).

with pressures above 50,000 bars.
Larson, 1955) suggest that the second critical curve, which extends from the T
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Tasie 2
Coexisting ooEvOmmn.mozm in the critical region of the system CO.-H.O
Temperature 265° 264° 260°
H.Orich CO:rich H:Orich COsrich H:Orich COsrich

Pressure phase phase phase phase phase phase
1400°*"* 21.8 43.0 20.0 45.0 17.2 49.0
1600 240 39.6 21.8 425 18.6 474
1800 27.0 35.0 234 405 20.0 464
2000 —_ —_ 248 395 208 472
2200 —_ —_ 24.6 405 205 502
2400 26.0 40.0 23.6 455 19.6 564
2600 24.2 48.6 224 53.6 188 638
2800 228 57.8 21.0 58.0 18.0 720
3000 218 67.0 19.6 66.0

P. = 1850 bars

X. = 308%

P. = 2260 bars

X =31.2%

Density curves at various temperatures and pressures for water and carbon
dioxide are shown in figure 11. From this it can be noted that the relative
densities of water and carbon dioxide become equal and then cross at 100°C
and at about 1100 bars. Figure 11 also shows that at 200° and at 300° the
relative densities of water and carbon dioxide should become the same at ap-
proximately 2000 bars. Unfortunately we do not have any data on the density
of mixtures of water and carbon dioxide, but when the compositions of both
phases are low in the other component, deviation of the density of these mix-
tures and the density of the pure component will not be large. It is thus pos-
sible to infer the pressure of density inversion. Surprisingly the pressure of
density inversion as shown in figure 8 is remarkably close to that estimated if
the relative densities of the two components are as shown in figure 11.

TasLe 3

Critical point and dipole moment of components and minimum critical
temperature and its pressure of binary systems

Component of Binary System Binary System
Critical Critical Dipole Min critical

Component temp pressure moment temp Pressure
H:0 374.2°C 221 3% 1.87°** . ¥
COs 311 738 - v 265°C 250
SO. 1575 78.7 1.61
Na 11471 339 o u 345 o0
NH: 1324 113.0 147 v
Ne 1471 339 L 86 1000
NH,s 1324 113.0 147
CH. 825 46.4 — v 3 1100
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The solubility of ideal gases in an ideal solutio
lowing equation (Lewis and Randall, 1961)
Am—:unn.v ﬂn.l<n
r A g 5 _ ». QT T 2 w.ﬂ- Hu
where X' is the mole raction of the gas in the liquid Sy
pressure; V' is the vmn.zm_ molal volume of the mmM “M mM_o.“MMM: w,m.u._mnwr ool
volume om .Wm‘mﬁmw.m 15 :_.m gas constant (82.06 cc m:u.\momv,. m, w nw e
perature in K- .;_m.macmco: was derived from the mmmcawmow :Ew :.o na_E.
tion and the gas are ideal and that the solvent is non-volatile. This B:wMMM =m
: i

not suitable for the calculation of ili
: solubility of carb ioxide i i
at high temperatures and high pressures, e 16 wite iy

n is expressed by the fol-
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The equations of solubility of slightly soluble gases in volatile solvents from the data of this investigation. The Henry’
were reported by Krichevsky and Kasarnovsky (1935) and by Dodge and molal volume of the dissolved carbon &oxmmwmmﬂﬁ“mww_“m”m:n and the apparent
Newton (1939) separately. According to their results the equation of solubility i «nted on table 4. The Henry’s law constant calculated _umh: muoan mmﬂ.wam _E.mmvno.

rmula f, =

of gas is expressed as follows: K- X is also presented for comparison, i i
: £2-Xr fwi ¥ (P-pw) ! oxide which were necessary mon.m.ﬁr_,.“mm“_o-w”m%% rhM m"%MmM: »N»QSW o i
gt = RT 2, :..5_:_... &_u.n.BmE of W\_&:Emmn and Roy (1956). rmulae were taken

tis clear from figure 12 that equation (2) j li i
of pressures in this binary system at Siwmn%hwm“vw Mowr_m mowm s ik
f ps e o Al en elow 250°C. At higher
temperatures than C, as the solubility of carbon dioxide in th liqui

phase and the solubility of water vapor in the gas phase mznaomﬂ.om mu 5

ditions of the system deviate too much from the a i ik e

. ] ssumpt i

tion (2) is based, and the results can no longer be oxhwmmww mvoamnﬂm_ n_w M.a:u.

The apparent molal volume and the Henry’s law constant movmogmzm& m”onn”

where f;° is the fugacity of the gas at pressure P; X,* is the mole fraction of
the gas in the gas phase; P is the total pressure; p, is the vapor pressure of the
solvent; K is the Henry’s law constant; the other symbols are the same as the
equation (1). In this equation ¥;' is not the true partial molal volume of the
gas but the apparent molal volume of the dissolved gas in solution at various
temperatures. When the solubility data of the system are plotted on the dia-

o S ! 4
eram which is expressed by log WN'u.mu-mm the ordinate and by (P-pw) as the fizure 12 are shown in table 4. Generally, the Henry’s 1 :

: : < 7 . A the equation (2) is much lower than the valu 4 mm Tt o Raed by
abscissa, the points at the same temperature should lie on a straight line if K-X. The apparent molal volume calculatod mm gained by the equation f, =
equation (2) is applicable to the conditions of nrw system. In this case, the cc/iolé b tenipiegitore Bekwes :o%ﬂw%m omooam_ n%mnmwcmco% (2) is 27-30

: e b e
tangent of the line corresponds to the value of i wwm ok and ithe values iof Mm_.m 4 cc/mole. .H.ro. reason for the small value of wmwmw_,\wuwww_mwwm 0°C is
Y 250°C may be explained by the supposition that the intermolecular mw“oo M

i i ; this i ivi r’ ant at variou iqui : L
the ordinate intersected by this line give the Henry’s law constant . the liquid phase at this temperature is large enough to take in molecules of

f°-X.* arl 10%3 o .
temperatures. Figure 12 shows the value of log ||nN —— versus (P-pw), drawn carbon dioxide without 2 great expansion of volume of the liquid phase. The
g
L2 w
J P
\\ H+ —IN
H+L '_l.
_I_ * rN p
G+l
Gely cP0 |
e £
~
6 s
»
=
"
HpO X co, " %
T=t C02
H GAS HYDRATE G
Llp LIQUID PHASE HeS
G GAS PHASE
H+ _l_
| ICE Psp X L+ G+Lp
S SOLID COp A
2
ORI
T
H+Lo L S —
Hel el G s ——l | !
[o] - L | 1 | 1
HeO I Lo+l < L2 i e 600 800 1000 1200 _0_00
P Fen PRESSURE (BARS)

Fig. 10. Schematic projection of the system H:0-COs. The density of water and carbon dioxid
n dioxide at v

w\H

arious temperatures and pressures,




Sukune Takenouchi and George C. Kennedy—The Binary
TasLE 4

Henry’s law constant of the system H,0-CO. at various temperatures and
partial molal volume of carbon dioxide in water solution gained from figure 11

1072

Temperature °C 100 110 150 200 250 275 300 325
Kz atm 5200 6600 6400 5300 4600 3900 3100
K: atm 5500 6300 6000 5250 4400 3800 2950
Ku atm 5010 5560 4840 4170
V' cc/mote 284 30.0 27.0 40

Kz : Data of Ellis and Golding (1963).

K: : Data gained from the equation fo = K- y.

Ku : Data gained from the equation (2).

¥¢' : Partial molal volume.

conditions at this temperature are already unsuitable for the assumptions of
equation (2). At temperatures higher than about 250°C, equation (2) has no

significance for this system.
Studies of vacuoles and low temperature hydrothermal liquids suggest

that residual ore depositing solutions may be rich in water, CO., and dissolved
salts, thus the simple binary system H,0-CO, cannot be directly applied. The
solubility of carbon dioxide in calcium chloride solutions was investigated by
Prutton and Savage (1945) and by Malinin (1959). The solubility of carbon
dioxide in sodium chloride solutions was reported on by Ellis and Golding

(1963).

L Nv.wo
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Fig. 12. Solubility curves of carbon dioxide in water.
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The results of these investieation ili
oxide is .LE.QW_‘,. decreased by :ﬁm mm&MMMM«M mﬂ._wwn ﬁmsmwﬂw._Ww i
of m_:. solubility curves of carbon dioxide in the liquid is mq m.m_m_sm_.m_ il
as in the system pure water-carbon dioxide. Unfortunatel mmosmi vt
zas _.,_E.,... composition of the systems are available at :.W Pt .nro_: :mm
certain __:5.2,.3.. that the heterogeneous region in the s mwnmmma s g
E.;:r.._ﬁ.._.. 13._02& On a pressure composition diagram wm_ﬂﬂ_ Wm?...omnvos
in ;:. .A_S_v_,.. binary system, Further, the critical v:umm:wm of M v
12 _:_:... salt :.__~_ be higher than in the pure system , B
n general a naturally occurrin i gat ioxi
remain __:.Eoma.:mocw to mv ?Evmnm%nwoﬁﬂww Mmﬂmmwﬂ woﬂa_m:noww_vw el
water during its ascent to the earth surface, At medium to ve mwuwo_.m::m 9
_~_~“_”.:,. h_:. Mb:nm::m:o:.& carbon dioxide in homogeneous mMW:%“.mﬁﬁﬂo_W.
and can scarcely exceed 24 mole percent at any pressure helow Mwmoﬁa

SUMMARY

* 1 1_5..% 3&:71» in the binary system H,
r .,::._«:_mua_..*mooh and at pressures up to 1600 bars
<. Preliminary experiments have b ie 000
i A\ ments een carried on to pr
1" .w___%wvw?..ﬁa_ﬁiw delineate the position of the critical oﬂnﬂwwcnmm i
- Ahe critical curve in this syst ¢ ;
. iti § system starts from the critical poj
o M__,:_:.E__B..o_,_:nm_ temperature is found at 265°C 3 pressure .&.M - om. il
- “ ,..M.m % ::. composition 31 mole percent carbon dioxide i
- __r../.n: _.M:,n_mw Inversion in the two phases has been mop::.* at high pressu
el o of density inversion depends upon the temperatur. mmﬁm e
il ing M.upw,m with the temperature, T
- In a natural system co iscibili
S mplete miscibility i
il ity in the system i
o _..__,.. h”.hzﬁ._* at temperatures under 265°C, At higher Nwavmnwwm%ﬁ e
» Mixed supercritical fluid may exi is luid
; S st i i
il g i _urwmamw , but at lower temperatures this fluid

—~CO. has been studied in
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