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Activity Coefficients of Cesium Chloride and Cesium Sulfate in Aqueous Mixtures
Using an Electromotive Force Method at 298.15 K

Mancheng Hu,* Jing Tang, Shu'ni Li, Shuping Xia, and Ruifang Cui

School of Chemistry and Materials Science, Shaanxi Normal University, Xi'an Shaanxi 710062, PRC

Activity coefficients for the CsCH CsS0O, + H,0 ternary system were determined at 298.15 K by electromotive
force (EMF) measurements of the cell: Cs ion-selective electrode |CSE)[Ma), CSOu(mg), H2O|Ag|AgCI.

The cesium ion-selective electrode (Cs-ISE) and th@A8¢!| electrode used in this work were made in this
laboratory and had a good Nernst response. The experimental data were interpreted using Harned’s rule and the
Pitzer model. The corresponding parameters required in the Pitzer model have been evaluated for this system.
Osmotic coefficients of this system and activity coefficients of the second si8Cpsvere also calculated in the

same molality range.

Introduction Experimental Section

Activity coefficients of the electrolytes in a mixed-electrolyte ~ Materials. Cesium chloride (CsCl), analytical grade (purity
solution are one of the important thermodynamic properties. In > 99.5 %, Jiangxi), and cesium sulfate (66x), analytical
the past decade, several methods have been used to determir@ade (purity> 99.5 %, Jiangxi), were dried overnight in a
the activity coefficients of electrolytes in solutions, such as Muffle furnace T = 500°C). Subsequently, the salts were stored
solubility determination, static vapor pressure measurement,OVer silica gel in a desiccator before use. Double distilled
electromotive force (EMF) measurement, and sé With the deionized water was usgd in our experiments. Its specific
development of ion-selective electrodes and the simplicity, high conductance was approximately (1.0 to 112)* S'm™*.
speed, and accuracy of the electromotive force measurement, Apparatus and ProcedureThe cesium ion-selective elec-
such a method is widely used to determine the activity trode, which was a PVC membrane type based on valinomycin,

coefficient of electrolytes in solution in comparison with other Was filled with 0.1 moilL~* of CsCl as an internal liquid (the
techniqueg. related technique was exactly described by*$)/aThe AgAgCI

electrode was a thermal-electrolytic type prepared in our

Actually, in many previous works, people have used EMF ;
laboratory. Both the electrodes were standardized before use

measurement to determine the activity coefficients of electro- ;
lytes. For example, Yang and Pit¢and Koh et af have used ~ @nd showed good Nernstian response.
this method to obtain the activity coefficients of-1 type The cell arrangements in this work were as follows
electrolytes in mixed solvents. Lopes eféhave reported the  (2) Cs-ISECsCI([m,,)|Ag|AgCI
activity coefficients of alkali metal chlorides (KCl and NacCl)
in water—ethanol mixtures. (b) Cs-ISECsCI(M,), Cs,SO,(mg)IAgIAGCI
Since the beginning of the 20th century, the activities of alkali  The above galvanic cells without liquid junction used one
metals in aqueous or aqueetmganic mixtures have been fluid. Here myo was the molality of CsCl as the single salt in
studied’"*” The study of the thermodynamic properties of water.ms andmg were the molalities of CsCl and €30y in
aqueous mixed-electrolyte solutions has received considerablethe mixtures, respectively. The electromotive force of cell (a)
attention. Yao et al® have reported the studies of the ternary and cell (b) was measured at 298.15 K. To check the response
system LiClH Li,SO, + H20 at different temperatures. Sarada of the Cs-ISE, the EMF readings on cell (a) were carried out
et all® have studied the activity coefficients for aqueous mixtures first.
of NaCl + NaSQO, + H,0 using a cell consisting of a sodium All measurements were performed under stirring conditions,
ion-selective electrode and an RgCl electrode. The thermo-  and the temperature was kept constant at 298.1% R.02 K),
dynamic property data for KCF K,SOy + H,0?° and RbCH- employing a double-walled glass bottle enabling the circulation
RSO, + H,0?! have also been published. of the thermostated water from a bath. The ion analyzer used
In this work, we have carried out the investigation of CsCl was an Orion-868 (USA), with a precision &f0.1 mV. Each
+ C$SO; + H,O at 298.15 K to enrich the thermodynamic concentration of the solutions was prepared by directly weighing
data of alkali chlorides. The data could be used to predict the the materials, using a Sartorius electronic balance (Germany),
solute activity coefficients in the mixture at high ionic strength. with a precision of 0.1 mg. Cell equilibrium was deemed to
The experimental data were fitted using the Pitzer model and have been attained when voltage readings were stable within
Harned’s rule. Moreover, the osmotic coefficients and the 0.1 mV for at least 5 min. To prolong the life of the Cs-ISE,
activity coefficient of the second salt §€0; were also the entire experiment did not exceed 1.5 h.

calculated. Results and Discussion

* To whom correspondence may be addressed. T€B6-29-85307765. The cell (a) was employed to determine the EMF valfigg
Fax: +86-29-85307774. E-mail: hmch@snnu.edu.cn. of CsCl in the aqueous solutions at 298.15 K. The experimental
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Table 1. Electromotive ForceE, the Mean Activity Coefficients y.csci and y+cs,so,, and the Osmotic Coefficientsd at 298.15 K&

| Mcscl Mcs,so, Eexp | Mcscl Mcs,s0, Eexp
mol-kg~?  molkg"? molkgt mV Y+CsCl  Y+4Cs,SO, [} molkkg™>  molkgt molkg™> mMV  yicsa  yicsso, [}

ys = 0.00
0.0009 0.0009 0.0000 —241.0 0.9695 0.9325 0.9887 0.1330 0.1330 0.0000 1.0 0.7213 0.5130 0.9047
0.0035 0.0035 0.0000 —-173.9 0.9177 0.8737 0.9785 0.1755 0.1755 0.0000 13.6 0.6982 0.4765 0.8963
0.0075 0.0075 0.0000 —135.4 0.9045 0.8241 0.9695 0.2288 0.2288 0.0000 25.7 0.6774 0.4416 0.8883
0.0146 0.0146 0.0000 —103.1 0.8701 0.7688 0.9591 0.2934 0.2934 0.0000 36.6 0.6528 0.4093 0.8809
0.0251 0.0251 0.0000 -—76.9 0.8418 0.7153 0.9486 0.3841 0.3841 0.0000 48.3 0.6258 0.3748 0.8734
0.0388 0.0388 0.0000 —56.3 0.8125 0.6672 0.9387 0.5050 0.5050 0.0000 60.1 0.5986 0.3407 0.8665
0.0552 0.0552 0.0000 —39.8 0.7868 0.6253 0.9298 0.6551 0.6551 0.0000 715 05758 0.3092 0.8611
0.0767 0.0767 0.0000 —245 0.7622 0.5843 0.9209 0.8356 0.8356 0.0000 81.5 0.5482 0.2807 0.8574
0.1019 0.1019 0.0000 —10.9 0.7471 0.5478 0.9127 1.0445 1.0445 0.0000 90.5 0.5223 0.2554 0.8556

yg =0.25
0.0050 0.0037 0.0004 —-163.8 0.9455 0.8540 0.9704 0.4000 0.3000 0.0333 40.1 0.6181 0.3837 0.8426
0.0100 0.0075 0.0008 —130.2 0.9024 0.8041 0.9596 0.5999 0.4500 0.0500 58.0 0.5834 0.3352 0.8250
0.0500 0.0375 0.0042 —-52.6 0.8171 0.6438 0.9210 0.7999 0.6000 0.0667 70.3 0.5556 0.3022 0.8124
0.1000 0.0750 0.0083 —20.9 0.7562 0.5590 0.8980 1.0000 0.7500 0.0833 79.1 05273 0.2776 0.8024
0.2000 0.1500 0.0167 9.9 0.6876 0.4706 0.8716

Y8 = 0.50
0.0050 0.0025 0.0008 —175.7 0.9583 0.8550 0.9654 0.3999 0.2000 0.0666 27.2 0.6180 0.3959 0.8157
0.0100 0.0050 0.0017 -—-143.3 0.9038 0.8067 0.9530 0.5999 0.3000 0.1000 44,2 05732 0.3491 0.7928
0.0500 0.0250 0.0083 —66.6 0.7994 0.6492 0.9084 0.7999 0.4000 0.1333 56.2 0.5427 0.3174 0.7752
0.1000 0.0501 0.0166 —34.4 0.7468 0.5664 0.8818 0.9998 0.5000 0.1666 65.3 0.5181 0.2937 0.7604
0.1999 0.1000 0.0333 —-3.3 0.6836 0.4803 0.8509

yg = 0.75
0.0050 0.0013 0.0012 -—-196.1 0.9584 0.8563 0.9593 0.4000 0.1000 0.1000 6.0 0.6103 0.4063 0.7930
0.0100 0.0025 0.0025 —-163.3 0.9050 0.8078 0.9445 0.6000 0.1500 0.1500 23.0 0.5660 0.3611 0.7692
0.0500 0.0125 0.0125 —87.5 0.7937 0.6532 0.8935 0.8001 0.2000 0.2000 345 05308 0.3308 0.7512
0.1000 0.0250 0.0250 —55.6 0.7377 0.5722 0.8639 1.0001 0.2500 0.2500 43.1 05018 0.3083 0.7363
0.2000 0.0500 0.0500 —245 0.6750 0.4882 0.8302

@ yg = 0.00; y+csso, means the activity coefficients of €30y in trace.

mean activity coefficients of CsCl in the mixtures were
calculated from the following Nernst equation or

E.,= E°+ kIn oy,

exp

Eexp= E°+ 2KIN(Mu0y 1 00)

1)
(2)

wherek = RT/F; R, T, andF are the universal gas constant,
absolute temperature, and Faraday constant, respectizfely;
the standard potential of the cell (a);o is the activity of CsCl
in the system; angl o is the mean activity coefficients of pure
CsCl at differentmao values in the aqueous solution.
The activity coefficients of CsCl were calculated using the
Pitzer equations. For-11 type electrolytes, the Pitzer equati$hs
for mean activity coefficients can be written as follows

where

Iny, =f"+mB + n’C”

x =131+ b1¥® + (2/b)In(1 + bi*?)

f7=—-AX

B = 2[3(0) + Zﬁ(l)y

¢

C” = (3/2)C”

®3)

(3-1)

(3-2)

(3-3)

(3-4)

y=[1— explalYd(@L + al*?— 1/202)]/(c®l) (3-5)

In these equationg}©@, ), and C¢ are the parameters of
the Pitzer equations, which were given by Kim and Fredetich;
o andb are assumed to be fixed parameters whose values areAg|AgCl electrode for the Sg~ ion was found to be less than

(2.0 and 1.2) k§>mol~*2, A, is the Debye-Hiickel constant
for the osmotic coefficient defined by

1 zﬂNOdN)llz ( & )3/2
A= 3( 1000 DKT @

whereNy, dy, D, andK are Avogadro’s number, the density of
solvent mixtures, the dielectric constant, and Boltzmann’s
constant, respectively. After the values of the fundamental
physical constants are introduced into eq 4, it becomes

A, = 1.400610°d\/(DT)*] (5)

The A, value in water is 0.39209.

The EMF values and molarities are listed in Table 1 and
depicted in Figure 1. A plot 0Eex, against Inao produced a
straight line. The value oE° for cell (a) was 121.7 mV, and
the value ofk was 25.49 mV. They were evaluated by a linear
regression method, and the linear correlation coefficient was
0.99998. It was clear that the value kfwas close to the
theoretical one (25.69 mV) of the Nernst slope, so it was
concluded that the electrode pairs we used had good Nernstian
response and were satisfactory enough for our research.

The cell (b) was used to obtain the EMF valu&g,f) of
CsCl in admixture with GO, at 298.15 K for the different
ionic strengths| = ma+ 3mg, and the mole fractiornys = 3mg/

(ma + 3mg). The Nernst equation of cell (b) is written as

Eexp= E°+ KIN{y x> my(m, + 2mg) +
KpOtyi82/3.mA1/2(mA +2mg)} (6)

wherey.a andy.p refer to the mean activity coefficients of
CsCl and Cs50y in cell (b). The selective coefficient of the
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Figure 1. Response of Cs-ISE and pgCl electrode pairs in the mixtures. Figure 2. Plot of the osmotic coefficien® of CsCl+ CsSOy(aq) against
ionic strengthl in the mixture W, ys = 0.00;®, yg = 0.25; A, yg = 0.50;

1.0-1074 Equation 6 can be neglected without leading to an v, ys = 0.75).

appreciable, and the simplified form is
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Table 2. Pitzer Parameters for CsCl+ Cs,SO4 + H,0 at 298.15 K

Eexp= E%+ kin{ yiAz-mA(mA + 2mg)} (7 single electrolytes
CsCl4 CSO,24
Pitzer equations for the activity coefficients of the 1:1 ) 0.03643 014174
electrolyte A (CsCl) and 1:2 electrolyte B (%) and the gﬂ) —0.01169 0.69456
osmotic coefficientsp are given by egs 8 to 1% respectively. c —0.00096 —0.02686
m(max)/motkg 11.00 1.831
INy.icec=2(my + mB)ﬂcScF" mBﬁc§so4 g 0.00365 0.00113
2(m, + mg)gvVIBEL + mgg(2v1 )ﬁgs)zso mixtures
0 —0.20127
(1.5m,7 + 4m,mg + 2mg?)Cl + v —0.00381
max)/motkg~t 1.0445
V212(mym, + 2mg*)Csso, T Mg + (T( )molkg 0.00869

mg™0 + (1.5m,mg + my?)y + F (8)

Table 3. Parameter Values of the Harned Equation and the rmsd

317 1cos0,= My + 2MB)MACescr I/EZI.OKE?CJ : lno?/;:sz —528155 oﬂ.gssgz 103;2::
V2121 Clsso) + Aot (2m, + BTL)Css0, 0000 02188  0060s 0071 6411
V2120, + 2me) s, Mg+ 02000  0ases o044 ooz 00l
(@, + 82 Do, + 20+ S A
2,0+ (my”+ omamy)y 6 (9 Tooo  _0e2re 00245  0O7ES 1095

F=—Ald “/T/(l + 1-2*/|_) +2In(1+ 1-2“/7)/1-2} + Pitzer mixing interaction parameters were evaluated by using a

(m, + 2%)9'(2‘/i)(mA/3(cls)C|+ %ﬂ‘cl;so)/l + 2mAmBE9' (10) multiple linear regression technique. The calculated mixing
parametersfci sa, Yol sa,ce and the pure electrolyte parameters

are listed in Table 2. The relationship between the osmotic

= {ma(m, + 2mB)ﬂCsC|+ mg(My + sz)ﬁ Csso, T coefficients® for the mixtures and the total ionic strendtis
m, (M, + 2my)exp( Zf)ﬂélgc. shown in Figure 2. It can be seen that there is a decrea®e in
Vi) with an increase i and a decrease @b for a givenl value
mg(m, + 2mg)exp(=2 )ﬁCSzSO with increasingys in the system.
m, (M, + 2mg)°Clg + Harned’s rule gives a good description of the variation found
) y for the studied electrolytic system and can be written as follows
«/5/2718(mA + 2mg) C&qu +
2
ZmAmB(EQ + 6+ + INy,a=INyip0— AupYs — BasYs (12)
2mymg(m, + 2mg)y — whereaag andjas represent the Harned interaction parameters,

A¢|l-5/(1+ 1.2V/0}(m, + 1.5my) + 1 (11) which are dependent on both ionic strength and temperature,
and yiao is the mean activity coefficient of CsCl in pure
where the two higher-order electrostatic terf sq, and solution. The outcomes are listed in Table 3, and the plot of In
B0’ c1,sq, Of the Pitzer equation can be calculated by an empirical y.a vsyg for each system is shown in Figure 3, which indicate
formula?® Here, in egs 8 to 11, the pure electrolyte parameters that Iny.csciis a linear function at each constant ionic strength
of the Pitzer model were given by Kim and Frederf¢ihe studied, thus obeying Harned's rule. It is obvious that the mean
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Figure 3. Harned'’s rule lines for CsCl Ix(.») againstys (M, | = 0.0050;
0, 1 = 0.0100;@, | = 0.0500;0, | = 0.1000; 4, | = 0.2000;4, | =
0.4000;®, | = 0.6000;<, | = 0.8000; solid arrow pointing left,= 1.0000).

activity coefficients of CsCl give good fits of the experimental
results in the Harned equation.

Conclusion
The galvanic cell consisting of a Cs-ISE and |AgCI

electrode can be used to study the thermodynamic properties

of CsCl+ CsSOy + H2O with great precision. In this work,

we have obtained the results concerning the mean activity (18)

coefficients for CsCl in water, the osmotic coefficients, the

corresponding Pitzer and Harned parameters, and the activity

coefficients of CsSQOy by the former model. The results showed

us that both thermodynamic models could correlate the experi-

(8) Zhuo, K. L.; Wang, J. J.; Wang, H. Q. Activity coefficients for NaCl
- monosaccharide (D-glucose, D-galactose, D-xylose, D-arabinose)-
water systems at 298.15 ICarbohydr. Res200Q 325 46—55.

(9) Jiang, Y. C.; Hu, M. C.; Li, S. N.; Wang, J. J.; Zhuo, K. L.
Thermodynamics of the interaction of RbCl with some monosaccha-
rides (D-glucose, D-galactose, D-xylose, and D-arabinose) in aqueous
solutions at 298.15 KCarbohydr. Res2006 341, 262-269.

(10) Jiang, Y. C.; Hu, M. C.; Mu, P. F. Thermodynamics study of the
interaction of CsCl witlp-Glucose in water from F 278.15 to 313.15
K. J. Chem. Eng. Dat2004 49, 1418-1421.

(11) zZhang, J.; Huang, X. Y.; Xia, S. P. Experimental determination and
prediction of activity coefficients of RbCl in aqueous (RBERbNG;)
mixture at T= 298.15 KJ. Chem. Thermody2005 37, 1162-1167.

(12) Zhang, J.; Gao, S. Y.; Xia, S. P.; Yao, Y. Study of thermodynamic
properties of quaternary mixture Rb&l Rb,SO; + CH3OH + H20
by EMF measurement at 298.15 Kluid Phase Equilib2004 226,
307-312.

(13) Herrfadez-Luis, F.; Galleguillos-Castro, H.; Esteso, M. A. Activity
coefficients of NaF in trehalose-water and maltose-water mixtures at
298.15 K.Carbohydr. Res2003 338 1415-1424.

(14) Hernadez-Luis, F.; Amado-Goniez, E.; Esteso, M. A. Activity
coefficients of NaF in aqueous mixtures withincreasing co-
solvent: formamide-water mixtures at 298.15R{uid Phase Equilib.
2005 227, 245-253.

(15) Yao, J.; Yan, W. D.; Xu, Y. J.; Han, S. J. Activity coefficients for
NaCl in MeOH+ H,0 by electromotive force measurements at 308.15
K and 318.15 KJ. Chem. Eng. Datd999 44, 497-500.

(16) Cui, R. F.; Hu, M. C,; Jin, L. H.; Li, S. N.; Jiang, Y. C.; Xia, S. P.
Activity coefficients of rubidium chloride and cesium chloride in
methanol-water mixtures and a comparative study of Pitzer and Pitzer-
Simonson-Clegg models (298.15 K)uid Phase Equilib2007, 251,
137-144.

(17) Hu, M. C,; Cui, R. F.; Li, S. N.; Jiang, Y. C.; Xia, S. P. Determination

of activity coefficients for cesium chloride in methanatater and

ethanot-water mixed solvents by electromotive force measurements

at 298.15 K.J. Chem. Eng. Dat2007, 52, 357—362.

Yao, Y.; Wang, R. L.; Ma, X. C.; Song, P. S. Thermodynamic

properties of aqueous mixtures of LiCl and,80, at different

temperatures]. Therm. Anal1995 45, 117-130.

(19) Sarada, S.; Ananthaswamy, J. Thermodynamic properties of electrolyte
solution: study of the system NaCl-p&0,-H,0O at 25, 35 and 45
°C. J. Chem. Soc. Tran499Q 86, 81—84.

mental data very well, which also indicated that the electrode (20) Falciola, L.; Fusi, P.; Mussini, P. R.; Mussini, T. Thermodynamic study

pairs and the experimental measurement we used were proper

and satisfactory for our studies.
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