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Figure 5. Ratio R (eq 7) for acridine orange in methanol-water solu-
tions X, = mole fraction of water; dye molality ~ 10™* mol/1000 g.
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of equal sign. We may compare K,,, in acetic acld (~25, ¢ =
6.2), K, in N-methylformamide (6.5, ¢ = 177), and K, in water
(1.4 X 10% ¢ = 89). On the other hand, the K, constants of
Table I seem to show a possible correlation between the dye
stacking tendency and the self-association tendency of the
solvent. Particularly interesting is to observe the K, change
along the formamide series (see Figure 4): it increases with the
increasing possibility of the solvent molecules associating
through hydrogen bonding. No H bonds are expected in di-
methyformamide; linear sequences of H bonds are possible in
N-methylformamide (as in the alcohol series), while the pres-
ence of the NH, group in formamide allows for the possible
formation of a two-dimensional network of H bonds (9, 70); the
same possibility is present in acetic acid.

On the other hand, the peculiar role of water as a dye soivent
must be stressed. The AO dimerization constant in water is 2-3
orders of magnitude higher than in other solvents. In this case
several authors suggested that hydrophobic interactions give a
dominant contribution to the stacking process (4, 6, 171-18).
The evidence that the increasing possibility of H bonding seems
to increase the dye stacking tendency suggests that the dye
association in nonaqueous medium may be favored by some
process similar to the hydrophobic interactions in water.

It is also interesting to observe that the addition of water to
methanol and to dimethylformamide increases the K, value. In
the light of our previous suggestion this depends on the pos-
sibility of H,O molecules increasing the net of solvent H bonds

and favoring the possibility even of a two- or three-dimensional
network. Actually it must be stressed that even in mixed sol-
vents we are always in a “nonaqueous” medium. Water in
mixed solvents is in fact far from being “common water”. In
the water-methanol system it has been observed that the AO
stacking increases slightly up to a water-to-methanol ratio ~2:1
(see Figure 5). At higher water concentration the dye asso-
ciation increases drastically. So we may assume that the
clusterlike structure of water, responsible for the very high
stacking tendency of dyes, starts to organize itself for water-
to-methanol ratios higher than 2:1.

Registry No. AO, 65-61-2; formamide, 75-12-7; N-methylformamide,
123-39-7; dimethylformamide, 68-12-2; ethyl alcohol, 64-17-5; n-propyl
alcohol, 71-23-8; n-butyl alcohol, 71-36-3; acetic acid, 64-19-7; dimethy!
sulfoxide, 67-68-5; water, 7732-18-5; methyl alcohol, 6§7-56-1.
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Viscosity of Gaseous Chiorotrifluoromethane (R 13) under Pressure

Mitsuo Takahashl, ShinjJl Takahashi,” and Hiroji Iwasaki

Chemical Research Institute of Nonaqueous Solutions, Tohoku University, Sendai, 980 Japan

The viscoslity of gaseous chlorotrifiuoromethane (R 13)
was measured by using an osclllating disk viscometer of
Maxwell type at 273,15-373.15 K in the pressure range
up to 10.4 MPa. Two empirical equations were obtalned
for the viscosity as a function of temperature and pressure
below 2 MPa and as a function of temperature and
density in the whole range of pressure. Also an empirical
equation was obtalned for the atmospheric viscosity as a
function of temperature. The Intermolecular force
parameters of the Lennard-Jones 12-8 model were
determined from the temperature dependence of the
atmospheric viscosity as follows: ¢/k = 204.0 K, ¢ =
0.4971 nm.

0021-9568/85/1730-0010%$01.50/0

Viscosity data of fluids are needed for the analysis of heat
and mass transfer and for the design of related equipment.
Also those are important information in determining the inter-
molecular force parameters available for the prediction of
various physicochemical properties.

Many halogenated hydrocarbons are commonly used as re-
frigerants and expected to be used as working fluids of turbines.
However, the experimental data for gas viscosity under pres-
sure are scarce and the rellability of the literature data is un-
certain because of the large discrepancies among them.
Therefore, the measurement of the gas viscosity of halogenated
hydrocarbons under pressure is being continued by us, and the
viscosities of chlorodifluoromethane (R 22) and dichiorodi-

© 1985 American Chemical Society
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Figure 1. Temperatures and pressures at which the existing R 13
viscosity data were obtained.

fluoromethane (R 12) were reported previously (7, 2). The
viscosity of chlorotrifluoromethane (R 13) is described in the
present paper.

The viscosity of R 13 has been measured by Tsui (3),
Weliman (4), Reed et al. (5), Kamien et al. (6), Wilbers (7), and
Latto et al. (8). The literature data cover the pressure range
up to 2 MPa, as shown in Figure 1. The present measurement
covers the area with oblique lines in Figure 1, that is, the
pressure range up to 10.4 MPa. The point C.P. in Figure 1
denotes the critical point. The critical temperature and pressure
are 302.3 K and 3.911 MPa, respectively (9).

Experimental Section

The viscosity measurement was made with an oscillating disk
viscometer of Maxwell type, as described in the previous re-
ports (70, 11). The evaluating method of gas viscosity used
in the present study is the same as that used by Iwasaki and
Kestin (72). The empirical value C,’ for C, was obtained by
using nitrogen as the standard, the viscosity of which was
measured by several investigators and represented by an
equation (73). The average of seven C,/ values obtained at
25 °C in the pressure range from 0.1017 to 3.497 MPa was
1.1227. The average of deviations of each C);’ from the above
value was 0.05% and the maximum was 0.10%.

The errors in the temperature and pressure measurements
were 0.01 K and 1 kPa, respectively. The error in the viscosity
measurement was estimated to be 0.3% from the considera-
tion of the errors in the measurements of the amplitude and
period of oscillation, the temperature, and the pressure. The
sample, the purity of which was certified to be above 99.9%,
was supplied from the Daikin Kogyo Co. and used without
further purification.

Results and Discussion

The viscosity values obtained in the present measurement
are shown in Table I and Figures 2 and 3. The density values
in Table I were calculated from the empirical equation given
by Michels et al. (9).

Equation 1 was obtained for the present experimental vis-

7y = 5.189 X 10727 - 1.279 X 107572 (1)

cosity at atmospheric pressure as a function of temperature.
This equation is valid in the temperature range from 273.15 to

Journal of Chemical and Engineering Data, Voi. 30, No. 1, 1985 11

40

35

30

[uPa-s]

25¢

201,

Viscosity

273.15K
10 L " n n n n n " -

0 1 2 3 4 5 6 7 8 9 1J0
Pressure [ MPa ]
Figure 2. Viscosity of gaseous R 13 vs. pressure plots.
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Flgure 4. Deviations of experimental atmospheric viscosity from eq
2.

373.15 K. The average deviation of the present experimental
values from eq 1is 0.05% and the maximum is 0.08%.
The intermolecular force parameters of the Lennard-Jones
12-8 model were determined by using the theoretical equation
given by Hirschfelder et al. (74) and the present experimental
viscosity values at atmospheric pressure as foliows:

e/k = 204.0 K o = 0.4971 nm
The average deviation of the present experimental values from
the above-mentioned theoretical equation with these parame-
ters is 0.14% and the maximum is 0.22%.

Equation 2, showing the relation between the atmospheric

ny = TV2/(0.41108 + 328.51/T - 27963 /T3  (2)

viscosity and temperature, has been obtained previously (75).
This equation gives higher viscosity values than the present
measurement by 0.5-0.8%. It should be noted that the con-
stants in eq 2 were determined by using the data obtained by
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Table 1. Viscosity of Chlorotrifluoromethane (R 13)

P,MPa p, kgm?® 4 uPas P,MPa p,kgm?® 7 uPas P,MPa p,kgm® 15 uPas P,MPa p kgm? n, uPas
27315 K 323.15 K 34815 K 373.15 K
0.1013 4718 1328 0.1013 3967 1542  0.1013 3676 1651 01013 3426  17.59
0.194 9.143 1324  0.204 8047 1544  0.204 7446 1653 0.203 6.896  17.60
0.268 12.75 1325  0.308 12.24 1548 0322 11.83 1657 0304  10.37 17.61
0.204 1405 1324 0405 16.21 1549  0.418 15.44 1662 0456 1566  17.67
0.361 17.39 1327 0507 2045 1552 0522 19.40 1663 0612  2L17 17.71
0.415 20.15 1327 0.609 2476 1557  0.639 23.91 1666 0713 2478 1775
0.461 22.52 1329  0.761 31.31 1561 0722 27.15 1672 0861  30.12 17.80
0.576 28.61 1331 0916 3815 1569  0.892 3388 1676 1016 3580  17.85
0.649 32.59 1332 1.062 44.77 1573 1.056 40.51 1683 1257  44.79 17.97
0.754 38.43 1335 1212 5175 1580 1191 46.08 1687 1536 5547 18.14
0.858 44.60 1339 1364 59.02 1589 1329 51.86 1696 1754  64.01 18.23
0.939 49.41 1343 1513 66.35 1600 1479 5828 17.05 2025 7490 1838
1.004 53.44 1346 1665 74.06 1603 1.660 66.19 17.17 2263 8473 1855
1.108 60.10 1353 1.839 83.19 16.23  1.898 7690  17.31 2480  93.89 18.70
1.209 66.88 1360 2071 9590 1642 2114 86.96 1747 2722 1044 18.92
1.291 72.60 1365 2243 1058 1658 2395 1005 1769 3017 1175 19.16
1.413 8160 1375 2262 1069 1662 2597 1107 1788 3313 13L1 19.44
1.559 92.20 1390 2464 1191 1682 283 1231 1812 3598 1447 19.73
1.604 97.00 1396 2635  130.0 1701 3077 1362 1839 3846 1569 20.01
1688 1044 1407 2855 1448 1729 3322 1500 1868 4263 1782 20.55
1773 1124 1415  3.050 1587 1760 3553 1636 1899 4490  190.2 20.8
1894 1248 1435 3260 1747 1796  3.834¢ 1810 19.38 4742 2039 21.24
3512 1956 1847 4066 1961 19.80  5.040 2207 21.70
208.15 K 3783 2205 19.10 4335 2146 2025 5312 2365 22.12
0.1013 4309 1433 4003 2430 1972 4559 2307 2071 5524 249.2 22.51
0.203 8.718 1436 4905 2684 2053 4820  250.6 2130 5771 2643 23.01
0.253 10.92 1435 4414 2926 2127 5082 2717 2198 5990  278. 23.50
0.304 1318 437 4452 2978 2150 5391  298.2 2289 6263 2957 24.06
0.405 17.74 1438 4471 3004 2154 5772 3334 2417 6514 3123 24.66
0.406 17.79 1440 4606 3202 2234 6210 3773 2597 6760 3289 25.25
0.507 2244 1441 4778 3481 2339 6620 4223 2794 7088 3515 26.18
0.555 24.69 1441 4870 3649 2406 6922 4549 2948 7481  379.2 27.34
0.608 27.19 1444 5030  395.8 2539 7304  497.8 3169 7777 4004 28.26
0.708 32.05 1448 5173 4269 26.89  7.668  537.8 3397 8135 4263 29.34
0.755 34.30 1449 5315 4607 2853 8085  581.3 3668 8508  453.2 30.72
0.828 3792 1453 5447 4043 30.39 8958 4853 32.33
0.912 42.16 1457 5541 5189 31.70 9.315 5102 33.74
1012 4780 1463 5656 5490 33.63 9.711  537.0 35.27
11 gg-gg 3e s 5787 35.17 1008 561 36.75
e o 4TS 5815 6036 37.20 1041 587 37.99
1.385 67.86  14.82
1.434 70.72 14.84
1.552 71.79 14.92
1.638 83.01 15.00
1757 90.73 15.10
1907 1008 15.25
2131 1170 15.50
2.293  129.8 15.75
2436 142.0 15.97
2554  152.8 16.16
2708 168.2 16.45
2857 1844 16.97
3.027 2067 17.38
3174 2295 17.95
3.282  249.8 18.55
3370 2700 19.12
Wellman (4), Reed et al. (5), Kamien et al. (6), Tsui (3), and Table II. Constants in Eq 3 and 4
Wilbers (7), and the average deviation of these data from eq = < 10-2 = X 10-2
2is 1.5% and the maximum is 3.6%. The deviations of the g e x1(1)0_5 2;;; z o s
existing atmospheric viscosity values including the present ex- ayp = -2.053 bio = —4.9492 x 1072
perimental ones from eq 2 are shown in Figure 4. ay; = 1.297 X 107? by, = 2.7189 x 107
An empirical equation for the present experimental viscosity aj = -1.780 X 107 byy = -3.1048 X 10::
in the whole range of pressure coukd not be obtained as a Gz = 2:112 " by = 3.16948 X 10
function of temperature and ith sufficient oa = ~1.112 X 10 ba = ~1.50944 x 10%
P pressure with sufficient accuracy, ag = 1.502 X 10 bay = 2.09820 X 107

but for the viscosity in the pressure range up to 2 MPa eq 3

n=ay,+ a,P+ a,P? 3
a, = ay T+ a,T? 3.1)
a;=ay+ayT+a,r? 3.2
a, = ay + a,T+ ay,T? (3.9)

0 = —1.19748 X 1077
by, = 7.66356 X 10710
bay = -1.20112 X 10712

was obtained. The numerical values of the constants are given
in Table II. The deviations of the present experimental values
from eq 3 are shown in Table III. Comparison of the literature
values with eq 3 is shown in Figure 5. 1t should be noted that
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Table V. Numerical Values of the Constants in Eq 5

P range, devn,? %

T.K n® MPa av bias max
273.15 22 ~1.894 0.40 -0.24 0.99
298.15 24 ~2.131 0.33 -0.27 0.62
323.15 14 ~2.071 0.25 -0.18 0.39
348.15 15 ~2.114 0.15 -0.05 0.42
373.15 12 ~2.025 0.13 -0.10 0.30

°n = number of data. ®Deviation, av = 100 {|%uxpt = Tealedl/
Tealed} /- Deviation, bias = 1003 {(7lespu — fealed) / Mealeal/ - Devia-
tion, max = maximum of 100{7expy — Ncaledl/ Nealed:

Table IV. Deviations of Experimental Viscosity from Eq 4

P range, p range, devn,’ %

T, K n® MPa kg:m av bias max
273.15 22 ~1.894 ~124.8 0.08 0.04 0.20
298.15 33 ~3.370 ~270.0 0.18 -0.12 1.02
323.15 40 ~5.875 ~603.6 0.14 -0.05 0.45
348.15 35 ~8.085 ~581.3 0.15 0.10 0.45
373.15 40 ~10.41 ~581.7 0.13 -0.05 0.51

%n = number of data. ®Definition of deviation is the same as in
Table III.
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Figure 5. Deviations of experimental viscosity under pressure from
eq 3.

the literature values in Figure 5 were obtained by using the
rolling-ball method.
Equation 4 was obtained for the present experimental vis-

n=bo+ b+ byp? + byp? )
by = b T+ byT? (4.1)
by=by+ by T+ b,T? (4.2)
by =by+ by T+ byT? 4.3)
by = by + by T+ by, T? (4.4)

cosity in the whole range of pressure as a function of tem-
perature and density. The numerical values of the constants
are given in Table II. The deviations of the present experi-
mental values from eq 4 are shown in Table IV.

The density in eq 4 is calculated conveniently by the use of
the equation of state. Among the three equations of state
proposed for R 13 (716-18), eq 5, given by Kondo et al. (76),
was found to be the most accurate from the comparison with
the experimental data obtained by Micheis et al. (9),

6
z=1+ Z:’, [(Ajy + A/ T, + Az exp(-KT )/ V/] (5)

R = 8.31441 cm®MPa/(K-mol)

K=9.5

T, = 301.96 K

P, = 3.8686 MPa

V. = 180.29 cm?/mol

Ay, = 0.1077090772 X 10
Ay, = —0.2227323512 X 10
Ay = —0.5867087008 X 103
Ag = —0.2474508174 X 107
Az = 0.3663034097

Agg = 0.1562490536 X 10

Ag = 0.2178336850 X 10
Ay = —0.3153854967 X 10
Ag = 0.1140756952 X 10
Ag; = —0.1232597677 X 10
Agy = 0.1773160363 X 10
Agy = —0.8601302056 X 10¢

Ag = -0.1229245837 X 10
Ay, = 0.1835156227 X 10
Agy = —0.4075085879 X 10

Ag, = 0.2502404069
Agy = —0.3451651350
Agy = 01992322617 X 10¢

Table VI. Deviation of the PV Values Calculated by Eq 5
from Those Obtained by Michels et al.

devn, %
temp, °C ne av max
0 1 0.11 0.11
25 15 0.10 0.31
30 40 0.12 0.43
30.35 8 0.72 1.22
31.35 8 0.12 1.27
32.35 8 0.10 0.28
50 40 0.05 0.98
75 40 0.06 0.21
100 40 0.04 0.11
125 40 0.03 0.09
150 40 0.11 0.17

%n = number of data.

where z= PV/RT, T, = T/T, and V, = V/V,. The numerical
values of the constants in eq 5 are shown in Table V. The
deviations of the PV values calculated by eq 5§ from those
obtained by Michels et al. (Table XIV in ref 9) are shown in
Table VI.
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Glossary
A1, A5, constants in eq 5 (/ = 1-6)
Ars
aq a4 constants in eq 3
a,
o1, 8gp coONstants in eq 3.1
aq aq, constants in eq 3.2
CRP)
&g, 854, constants in eq 3.3
422
by by, constants in eq 4
b, by
by, bgo constants in eq 4.1
b4 by, constants in eq 4.2
bz
bzo, b21, constants in eq 43
b
bgo bay, constants in eq 4.4
b,
(o constant which characterizes the effect of the edge
of the disk on oscillation
cy empirical value for C
K constant in eq 5
k Boltzmann’s constant
P pressure, MPa
P, critical pressure, MPa
R gas constant (=8.31141 cm®-MPa/(K-mol))
T temperature, K
T critical temperature, K
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T, reduced temperature (=T /T )

v volume, cm?®/mol

V. critical volume, cm®/mol

v, reduced volume (=V/V )

z compressibility factor (=PV/RT)

e/k intermolecular force parameter in Lennard-Jones
12-6 model, K

n viscosity, uPa-s

M atmospheric viscosity, uPa-s

p density, kg/m?3

g intermolecular force parameter in Lennard-Jones

12-6 model, nm
Registry No. Chiorotrifiuoromethane, 75-72-9.
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Thermodynamics of Aqueous Magnesium and Calcium Bicarbonates

and Mixtures with Chloride
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Rabindra N. Roy, James J. Glbbons, and LeAnn Rowe
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The potential for the cell
Pt,H,,CO,|M(HCO,),,MCI,,C0,(aq)|AgCl,Ag with M = Mg
and Ca was measured over a wide range of molalities at
298.15 K. The data were Interpreted by the
mixed-electroiyte equations of Pitzer and Kim to yleld the
ion-interaction parameters for Mg?*, HCO,", and for Ca®™,
HCO,". The trace activity coefficlents of M(HCO;), In
MCI, and in NaCl are calculated.

Introduction

In many natural waters, including seawater, there are sig-
nificant molalities of Mg?*, Ca?*, and HCO,~, and these ions
enter into various reactions of importance. Hence, the ther-
modynamic properties of Mg(HCO;), and Ca(HCOj;), in mixed
electrolytes are a matter of considerable interest. The mixed-
electrolyte equations of Pitzer and Kim (7) have been used with
great success for complex natural brines, especially by Harvie
and Weare (2) and Millero (3). Thus, it is desirable to determine
the pertinent parameters for Mg(HCO;), and Ca(HCO,), in these
equations which are based on a Debye—Hiickel term and a virial
expansion including second and third virlal coefficients repre-
senting short-range interactions between pairs and triplets of
ions.

Values for the second virial parameters 5 and 8" for Mg?*,
HCO," at 25 °C have been determined by Millero and Thurmond
(4) from potentiometric titrations in solution with MgCl, and
NaCl. Harvie et al. (5) have given values for these parameters
for both Mg(HCO;), and Ca(HCOs), on the basis of calculations
of solid solubllities in brines. The present investigation was
designed specifically to yield these parameters as accurately
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as possible in simple mixtures with minimum uncertainty related
to the other parameters required. The method is that used for
the akali bicarbonates NaHCO, (6, 7) and KHCO, (8, 9) which
were successfully investigated by measurements of mixed so-
lutions with chiorides in electrochemical cells with hydrogen and
silver-silver chloride electrodes. We extend this method to
magnesium and calcium bicarbonate with the cell

Pt,Hz,CO,|MHCO,),(m;),MCl,(m,),CO,(m;)|AgCLAG  (A)
where M is either Mg or Ca.

Various aqueous carbonate species are at equilibrium in the
following reactions

CO.(g) = CO,aq) K, (1)
CO4aq) + H,0() = HY + HCO;” K, 2)
HCO, = HY + CO,* K, (3)

with the indicated equilibrium constants. Two combinations of
these reactions are particularly useful.

CO,(g) + H,0() = H* + HCO," KK, (4)
2HCO,;~ = CO,%~ + H,0(l) + CO,(g) KKK,  (5)
The reaction for the electrochemical cell is
1Hy(g) + AgCl(s) + HCOy =
CI- + Ag(s) + H,0(l) + CO,(g) (6)
with the potential given by
RT Mme@n,efco, Yor

In T + in
Mycofu,

=g ©

AT F (7)

YHCO,”
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