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Abstract—A simple but sufficiently accurate predictive equation for the activity coefficients of aqueous
mixed electrolyte solutions was developed. The predictive equation needs no additionally adjustable parame-
ters and requires only the knowledge of activity coefficients for single electrolyte solutions. Therefore, in
this study, a special apparatus was desinged and constructed to measure the activity coefficients of single
electrolyte solutions. The salts to be used in this work included NaCl, NaBr and KCl. The measuring tempera-
ture were 25C, 30C and 35C, respectively. The applicability of the predictive equation for the activity
coefficients of a mixed-electrolyte solution was evaluated by comparing their estimates of activity coefficients
with experimental data. This equation has a predictive accuracy of = 2% when compared with the experimental
values for NaCl-NaBr-H;O and KCl-NaBr-H;O system at 25C.
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Fig. 1. Apparatus for measurement of differential vapor
of water over aqueous single electrolyte solutions.
A: Pressure indicator, B: Thermostirrer, C: Trans-
ducer, D: Three-way valve, E, F: Solution bulb, G:
Magnetic stirrer
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ztqlsl7] Welsof slE=, o]y HEL sl 3
2ol e F7]8k &3 Az AAME o8-8 Fig 13
2o AAE 2t Aok
2= B2 pyrex$} stainless steel 2 FAAE L
o ¢ 2EFAE Yl F2E o A A A (pres-
sure indicator) A& A 2] A FE-& Fovk L3 Ny
-2 Z(circular pyrex tube) o}|Z%o 2+ E, F2 i
Alg dul 719 HH(bulb)E <) E(ball-and-socket
joint) o} AFAFRZAR A4tk HH Eol= oY
alol| o8t o) Z(reference) £H o8 &3 & ¥,
Yoz 4 HHole A 49% 001 EFFdA

23} FE7HA HA3] o] Wik HHe) feio
HolEs 27 75 em’s 20 em’ R Ehodvh R 9%
2ZE 4HAE 3Aske o3 837 (pressure trans-

ducer) C& A =3lel 1, F7tol] D] A #] 3 (three-way

stopcock) & o} AlE F-Essls Agid 7z ¥}
e W] ajold As zze fol3iA WA} =
z47] Bx g2 2% & +01C2 fx3y, =
k7] (magnetic stirrer) G5 £3 299 o8 Fo
3tA =HEqde.
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Ad exatoll 74 & F3E Al AL £
3] B-a = A ¢b& 71 FE ) A Ao BE o] & A A=

oj|u) k<] (degassing) ©] H=3 o]t} 16].

7} Huel golg oy Wi A F AF Y=
Wk 7)AE wiic) oela e 9] HA 5
ol g-ofo) o} t}A| 7] E(trapped bubbles) & ¥r& 3=
A Aef7iA] Jtd ek L= e 7|AE FA
A AAsE7 e fe A vy wbEEdch
22 A8l e 25, 30, 35C 9] L2 we} A o)
Algoll 223 Hs) "2 NaCl, NaBr, =23 KCle]n,
Hd F= W= ol2A7|7} Azt 6, 4, 233 5E
stdck Wy e o o F Hrolw wuEkxul
B ghalgh FYHZE 47 93 Adefel) ZA)H
vehd 9192lE mmHg G912 ¢l 71E3kadch

Kok

4. dnp A 0

. SsHE 8
y_fsg% B3 243 271dAE 4 (16) o2 3E o

& g Aol oa) e 25} DAL & Uk

a,=(p"— Ap)/p’ (22)

Table 1. Results of experimental values of Ap(mmHg) and
a, for sodium chloride at 25, 30, and 35°C

NaCl  Pressure difference Activity of water
molality 25C 30t  35C  25¢ 30c  35C
0.05 0.04 0.05 0.07 09984 0.9985 0.9982
0.12 0.09 0.12 0.17 09961 0.9962 0.9959
0.22 0.17 0.23 031 09928 0.9929 0.9927
047 037 049 066 09846 09847 0.9844
0.70 0.55 0.73 098 09770 09770 0.9768
104 082 1.09 146 0.9656 0.9658 0.9653
1.49 1.19 1.60 2.13 09498 0.9498 0.9495
2.01 1.64 221 293 09311 0.9305 0.9305
247 2.05 2.70 362 09137 09151 09142
297 2.51 3.36 450 0.8943 0.8944 (.8933
3.56 3.10 4.17 5.52 0.8697 0.8688 0.8690
4.03 3.54 4.77 6.38 08510 0.8500 0.8486
5.04 4.72 6.27 821 0.8014 0.8031 0.8053
5.80 5.39 7.30 9.79 0.7732 0.7707 0.7678
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Table 2. Results of experimental values of Ap(mmHg) and
a, for sodium bromide at 25, 30, and 35°C

NaBr Pressure difference Activity of water

molality 25C 30T 35C  25C 30C  35C
006 005 008 008 09978 0.9976 0.9980
0.11 0.09 0.13 0.16 0.9962 0.9960 0.9963
0.20 0.16 022 028 0.9932 0.9930 0.9934
032 0.26 0.35 045 09892 0.9890 0.9894
048 038 052 067 09839 09838 0.9841
074 060 080 104 09749 0.9748 09753
107 087 117 155 09636 09632 0.9633
145 119 163 214 09497 0.9489 0.9492
213 182 246 329 09233 09227 0.9220
2.50 220 2.96 395 09075 09071 0.9064
298 269 362 482 08866 0.8862 0.8857
351 327 441 580 0.8624 0.8615 0.8624
400 376 504 675 08419 08416 0.8399

Table 3. Results of experimental values of Ap(mmHg) and
a, for potassium chloride at 25, 30, and 35°C

KCl Pressure difference Activity of water
molality 25C  30C  35C  25C 30C 35T
007 005 008 009 09978 0.9976 0.9980
018 014 019 024 09942 09941 0.9944
031 024 032 041 0.9900 009900 0.9903
052 039 053 069 09834 09833 0.9836
077 058 079 103 09755 09753 0.9757
103 078 104 137 09673 09673 09675
148 111 150 198 09531 09529 0.9531
203 154 208 274 09352 09348 0.9350
247 187 252 334 09211 09208 0.9209
277 210 283 374 09115 09111 09113
293 223 300 396 09062 0.9058 0.9060
349 267 360 478 0.8874 0.8870 0.8867
406 314 418 560 08678 0.8686 0.8671
449 347 469 626 0.8539 0.8526 0.8517

CREEERE

£ for  NaCl
.31
32
17
.02
0 —— T ¥
1 3 ) 7

nunber of parameter

Fig. 2. Analysis of parameters of NaCl using eq. (15).

& A4e 4 olA =rh NaCl, NaBr, KClol gt
Aps} a,9] HE2S 25, 30, 35T o] i3} Table 1-3¢)
77y Jepligdch @ Aoz 29 B g5n
#HES A (19)0 AHgsle] s ARAY L o] &3 o)
7N > (parameter) 5 AAT = oA Hed), o] o
i) ol b2 A5 Aggkate] HAE v
Asle] 9 zlel]l 2 MBS Holx] otE HA AT
FE Jl /HE ZAAssich &, NaCle] 7% =i
Age] wE #Hxe] BAE Fig 201 Jepidedl
NaBr3} KCl9| Zg-oll = fAME 338 2gich ubalx
Table 49| 4] (15) 2} w74 B, C', D', E'E A5l
vreb 2ot

e ds]d Aol gt HFo|2¥FE AFE o
247)8} 2 E3le] Fig 3-58 93}t AL B
TFollAl A<kt whHo R FI ALK ZH A A}
2 dX S 4 F Uk F, 25C 9] Fd AN LA
H3 HFol28F L AG AExe AEAE vE
sl £2% Wo] exhol A A dX§e B Fo(Fig
6). & 25T 9] NaClz} KClol| & & 1o An)e
Meissner, Pitzer, Z&] 32 Chene} 2d 3} v) w3 28 0)
Z+z}¢ Fig. 73} 80]t}[6, 10, 13]. ¥ = Wl F A

Table 4. Values of coefficients in eq. (15) for each electrolyte at various temperature

Sodium chloride

Sodium bromide

Potassium chloride

Temp. ——= 30C 35C 25C 30C 35C 25 30T 35C
B 067483 066767 068995 067865 069073 068897 069562  0.69931  0.70632
C' —083430 —081200 —086452 —090372 —093093 —088514 —0.81720 —0.82430 —0.84906
D' 035305 033114 036085 038639 039282 032049 040041 040095  0.42603
E' —006667 —006061 —006558 —007796 —007638 —005118 —007830 —0.07747 —0.08588
o 00158 001591 001064 001397 001143 000731 000779 000828  0.00660
r 099656 099657 099847 099625 099766 099910 099892 099828  0.99917

a2tz H30H HM6s 19924 123



Fig. 4.7, versus u for NaCl, NaBr, KCl at 30°C.
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Fig. 3.v. versus p for NaCl, NaBr, KCl at 25°C.
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ionic strength ( g )

Fig. 5.y, versus p for NaCl, NaBr, KCI at 35°C.
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Fig. 6. Experimental and predicted mean ionic activity co-
efficients at 25°C.
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o
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ionic strength
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4-2. EENHE 2

25T o) 4} NaCl-NaBr-water system} KCI-NaBr-wa-

il =, A A=
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Falol 4 g eni[17], A=
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mean activity coefficient ( rt+ )

0. 1 "
0 2 4 6
molality (mol/kg)

Fig. 7. Comparison of the present method with various
methods for NaCl at 25°C.

1.0
° Experimental
—--=— Meissner
—-— Pitzer
------- Chen
0.9F Present method

mean activity coefficient ( 71 )

0.5 1 |

molality (mol/kg)

Fig. 8. Comparison present method with various methods
for KCI at 25°C.
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+ 2% deviation
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Fig. 9. Experimental versus predicted osmotic coefficients
for two ternary systems at 25°C.
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- log I'*
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Fig. 10. Experimental and calculated log I'* with yxc for
NaCl-KCl system at p=3.
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Table 5. Values of overall reduced ionic activity coefficients for NaCl-KCl-water

NaCl-KClI ™ NaCI-KCl I
p Ynaci 25C 307 35C p YNacl 25T 30T 35C
1 0.000 0.6058 0.6061 0.6059 4 0.375 0.6487 0.6525 0.6576

0.500 0.6302 0.6314 0.6303
1.000 0.6556 0.6576 0.6558
2 0.000 0.5769 0.5784 0.5788
0.250 0.5997 0.6017 0.6022
0.500 0.6234 0.6260 0.6265
0.750 0.6480 0.6513 0.6518
1.000 0.6736 0.6776 0.6782
3 0.000 0.5707 0.5728 0.5752
0.167 0.5931 0.5958 0.5981
0.333 0.6165 0.6198 0.6219
0.500 0.6408 0.6447 0.6467
0.667 0.6661 0.6706 0.6724
0.833 0.6923 0.6976 0.6992
1.000 0.7196 0.7256 0.7270
4 0.000 0.5782 0.5804 0.5872
0.125 0.6008 0.6035 0.6098
0.250 0.6243 0.6275 0.6333

0.500 0.6741 0.6785 0.6829
0.625 0.7005 0.7055 0.7092
0.750 0.7279 0.7336 0.7364
0.875 0.7563 0.7628 0.7647
1.000 0.7859 0.7932 0.7942
5 0.000 0.6007 0.6022 0.6170
0.100 0.6239 0.6258 0.6396
0.200 0.6479 0.6502 0.6630
0.300 0.6729 0.6756 0.6872
0.400 0.6989 0.7020 0.7123
0.500 0.7258 0.7295 0.7383
0.600 0.7538 0.7580 0.7653
0.700 0.7829 0.7876 0.7932
0.800 0.8131 0.8184 0.8222
0.900 0.8444 0.8504 0.8523
1.000 0.8770 0.8836 0.8834

Table 6. Values of overall reduced ionic activity coefficients for NaCl-KCIl-Water

NaCl-NaBr r NaCl-NaBr ™
p YNaci 25¢C 30C 35¢C M Yiacl 25T 30C 35¢C
1 0.000 0.6854 0.6871 0.6859 3 0.667 0.7515 0.7587 0.7622

0.500 0.6703 0.6722 0.6707
1.000 0.6556 0.6576 0.6558
2 0.000 0.7341 0.7407 0.7460
0.250 0.7185 0.7244 0.7284
0.500 0.7032 0.7084 0.7112
0.750 0.6883 0.6928 0.6945
1.000 0.6736 0.6776 0.6782
3 0.000 0.8196 0.8293 0.8379
0.167 0.8020 0.8110 0.8183
0.333 0.7848 0.7932 0.7992
0.500 0.7680 0.7757 0.7805

0.833 0.7354 0.7420 0.7444
1.000 0.7196 0.7256 0.7270
4 0.000 0.9404 0.9506 0.9524
0.125 0.9195 0.9293 0.9310
0.250 0.8991 0.9085 0.9101
0.375 0.8792 0.8882 0.8897
0.500 0.8597 0.8683 0.8697
0.625 0.8406 0.8489 0.8501
0.750 0.8220 0.8299 0.8311
0.875 0.8037 0.8113 0.8124
1.000 0.7859 0.7932 0.7942

NaCl-KCl-water systemel] tsf+] o]&Al7]7} 3
o] KCl Aol a2 logI™E 4 (12)%} (200 ©]
23 Fig. 100 ZE2Eslqdch W] 7o) AL E™el4]
T-& 41§ x)o]t}[18]. Fig. 99} 108 43 295 o Pat-
wardhan®} Kumar2] A <4} (20) = (21)-2 &3t a2
fojo] FETE dEsed 49s 84S 4 F
glon, ofga] B Aol Alekzt ddHsiAe] &
=% d&4 (12), (15) 94 2 %848 971 +
sk

HEHog 4 (12), (17), 282 (200 o] &34

NaCl-KCl-water, NaCl-NaBr-water, ~22]3. KCI-NaBr-
water systems?] #EEX ATE FZ o] EFE
A2 AAbste] Table 5-70 A elsleic) 2212 Fig
110l <o}z §o)e] F-%°]-2(common ion) <l 7}
o] A$E 3 ERES 1 AgkE ] A
Xl
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Table 7. Values of overall reduced ionic activity coefficients for NaCl-NaBr-Water

KCI-NaBr ™ KCI-NaBr ™
u Yxai 25C 30T 35C u Ykl 25T 30T 35C
1 0.000 0.6854 0.6871 0.6859 3 0.667 0.6439 0.6480 0.6521
0.500 0.6444 0.6454 0.6447 0.833 0.6061 0.6092 0.6125
1.000 0.6058 0.6061 0.6059 1.000 0.5707 0.5728 0.5752
2 0.000 0.7341 0.7407 0.7459 4 0.000 0.9404 0.9506 0.9524
0.250 0.6912 0.6963 0.7001 0.125 0.8849 0.8937 0.8965
0.500 0.6508 0.6545 0.6571 0.250 0.8327 0.8403 0.8439
0.750 0.6127 0.6153 0.6167 0.375 0.7836 0.7900 0.7944
1.000 0.5769 0.5784 0.5788 0.500 0.7374 0.7427 0.7478
3 0.000 0.8196 0.8293 0.8379 0.625 0.6939 0.6983 0.7040
0.167 0.7716 0.7797 0.7870 0.750 0.6529 0.6566 0.6627
0.333 0.7264 0.7331 0.7392 0.875 0.6144 0.6173 0.6238
0.500 0.6839 0.6892 0.6943 1.000 0.5782 0.5804 0.5872
0 Ak
. o] (4) & Aol 4 AL e eRg 2 g2
-0-06r Walt | o fFrEdl AolmR HE Ao 25 &4 L zAlH
<°/° o] & H¥sh= A7t 74le]°1°}: & Zlelr}
. 012 o
e \c
o ~. # A
° N\'
-018¢ - o
1T~ . N N
\\ E A3 E 1919 233w 7 2d78 1Y
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HzA & Aerel ZHAEEP )
-0. A e N X
1 0.8 0.6 . 0.4 0.2 0 & =
NaCl

Fig. 11. Variation of log I'* with various compositions for
two ternary systems at u=4.
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(GG/RT)/anIZCI/RTI In 81+ C,‘”/RT
2 vepd = Aok = 4] (A1), (A-2), (A-3)elA

(6G/RT)/dn= (ng*+ nz*) [0Az/0ny + (0As/Ony
—0dA,/0ny)ys]1+G°/RT
=—[(n**+n3*)/n][0A:/0 In p+ (dAs/0 In p
—0A,/0 In Wys]+G/RT
= —(n/55.508) [3A,/0 In p+ (0A3/0 In u
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e R
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= j=

ol# #hH3} fAbslA FES Ao M= Aelst
o
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logy*=Zv;m,logy. ;/Zv;m (A-11)
€ 7% F Uk AF A (A10), (A-1D)& o] 48
9 AR S EYAA diolHE 23T}

AEZ|Z

a, :activity of water in solution
a;2 :mean activity of electrolyte 12

f  :fugacity of HO(g)

m :total molalities of electrolyte 12

m; :mean ionic molality of 12 [={(v;"1 v;2)"* m]
my :Xm

M, :molecular weight of water

p : vapor pressure of solution

p° :vapor pressure of pure water

r : correlation coefficient

x; :mole fraction of ionic species i on water-free
basis [m,/mz]

y;  :ionic strength fraction of electrolyte J

z;  :charge on ionic species i

Z  :compressibility factor

az|0|A Xt

a  :Debye-Hiickel constant

Y12 :mean ionic activity coefficient of 12

I' :reduced ionic activity coefficient

v;  :stoichiometric coefficient of ion i

v : stoichiometric factor of an electrolyte(v=v,+v,)

¢ :standard deviation

¢  :osmotic coefficient

u  :ionic strength [ =1/2 £ m;z*]

A}

* : overall property

[ : pure property

S : pure salt property at same u as that of mix-
ture

S X}

i1 2 3 --:ion
J, 12, 34, - : electrolyte

+  :mean ionic property
H&

b= —(15/05) B’
c=—/DC
d=—-(25/15) D
e=—(3/2) E’

HWAHAK KONGHAK Vol. 30, No. 6, December, 1992



748

23 - &

EHDEs

. Harned, H.S and Owen, B.B.: The Physical Chem-
istry of Electrolyte Solutions, 3rd ed., Reinhold:
New York, N.Y., (1958).

. Harvie, C. E., Eugster, H. P. and Weare, J. H.: Geo-
chim. Cosmochim. Acta., 46, 1603(1982).

. Zemaitis, J. F,, Clark, D. M,, Rafal, M. and Scrivner,
N. C.: Handbook of Aqueous Electrolyte Thermo-
dynamics, AIChE, New York, 1986.

. Ghosh, S. and Patwardhan, V. S.: Chem. Eng. Sci.,
45, 79(1990).

. Card, D.N. and Valleau, J.P.:J. Chem. Phys., 52,
6232(1970).

. Pitzer, K.S.:J. Phys. Chem., 77, 268(1973).

. Pitzer, K. S. and Mayorga, G.:J. Phys. Chem., 77,
2300(1973).

. Pitzer, K. S. and Kim. J.J.:J Am. Chem. Soc., 96,
5701(1974).

sistaet M30A ez 199244 123

SRR PERE L

10.

11.

12.

13.

14.

15.
16.

17.

18.

. Meissner, H. P. and Tester, J. W.: Ind. Eng. Chem.

Pro. Des. Dev, 11, 128(1972).

Kusik, C.L. and Meissner, H.P.: AIChE Symp.
Ser., No. 173, 74, 14(1978).

Kumar, A. and Patwardhan, V.S.: Can. | Chem.
Eng, 64, 83(1986).

Patwardhan, V.S. and Kumar, A.: AICKE ], 32,
1419(1986)

Chen, C.C, Britt, H.I, Boston, J.F. and Evans,
L.B.: AICKE ], 28, 588(1982).

Gokcen, N.A.: Thermodynamics, Techscience, Inc.,
Calif.(1975).

Gokcen, N. A.: Bureau of Mines RI, 8372(1979).
Patil, K.R,, Pathak, G. and Katti, S.S.:J Chem.
Eng. Data, 35, 166(1990).

Covington, A, K., Lilley, T. H. and Robinson, R. A.:
J. Phys. Chem., 72, 2759(1968).

Huston, R. and Butler, J. N.: Analytical Chem., 41,
1695(1969).



