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Thermodynamic Properties of Aqueous Mixtures NaCHKCI —NH4Cl—H-0:
Water Activity and Osmotic and Activity Coefficients at 298.15 K

Abderrahim Dinane*

Ecole Royale Navale, partement de Recherches et Projets, Laboratoire de Thermodynamique, Boulevard Sour Jdid,
Casablanca 20000, Maroc

The water activities of aqueous electrolyte mixtures of NaGCI—NH4CI—H,0 were experimentally determined

atT = 298.15 K by the hygrometric method at a total ionic strength from 0.4kgot to about saturation of the
solutes for different ionic strength fractiogsof NaCl(aq) ¢ = Inac/lwor) Of 1/3, 1/2, and 2/3 with the constant
rapport molal ratia of KCl(ag) on NH.Cl(aq) of unity ¢ = mkci/myn,c1). The data allow the deduction of new
osmotic coefficients. The results obtained were correlated using Pitzer's model and Dinane’s mixing rules ECA
I and ECA Il for calculations of the water activity in mixed aqueous electrolytes. A new DirRaiteer model

is proposed for the calculation of osmotic coefficients in quaternary aqueous mixtures using the evaluated ternary
and quaternary ionic mixing parameters obtained from the system studied. The solute activity coefficients of the
components in the mixture were also determined for different ionic strength fragtiohBlaCl(aq).

Introduction chloride electrolytes such as Na@{Cl—H,0,* NaCl-NH4Cl—
H,05 and KCHNH4Cl—H,0.8 Measurements of water activi-
ties over the total ionic strength range of (0.4 to 7.2) +gpi!
were performed for quaternary aqueous solutions N&(CH —
S'NHL;CI—HZO of different ionic strength fractionsof NaCl(aq)
0(y\/herey = Inac/ltor) ranging from 1/3, 1/2, and 2/3 with the
constant molal ratio of KCl(aq) on NH,Cl(aq) of unity (where

In many industrial, geochemical, biological, and environ-
mental systems, aqueous mixed electrolyte solutions are of
considerable importance due to their application in these area
to solve environmental problems and optimize industrial pro-
cesses. There has been a resurgence of interest in the therm
dynamic properties of aqueous hldnd of its mixtures with o _ . .
other eIeEtroFI)ytes. The groperties of the water-soluble com- " — Mkc/Mk,c) atT = 298.15 K. The osmotic coefficients
pounds of the ammonium ion are of considerable interest in were also determined from these water activities measurements.
studies related to waste dispo$dlhermodynamic data for their The ECA rule proposed by Dinane et al. in our previous
ammonium chloride salts and mixtures with NaCl(aq) may help papef is used to predict water activities of this system from
to understand the transport of the ion in the natural environment. those of the agueous solutions of the individual component salts.
The system investigated in this work is of special interest for The results are compared with values from Pitzer's model. The
constructing a model for calculating mineraolution equilibria experimental data are used for the determination of the newly
in brine systems. One of the problems in this area that hasionic mixing parameters of the proposed modified equation of
received considerable attention is the osmotic and activity Pitzer. The calculation of solute activity coefficients in this
coefficients of species in mixed aqueous solutions containing system is made using Pitzer's model. The main objectives of
NH,Cl(aq). Recent developments of electrolyte solution theories this work are to determine thermodynamic properties for the
have also generated added interest in this aspect of solutionquaternary aqueous solutions Na®ICl—NH4Cl—H,0 using
chemistry. Although the experimental thermodynamic data for the hygrometric method and to compare these results with those
mixed electrolyte solutions of high soluble ammonium salts in fitted by our models and Pitzer's model.
acid solutions and in combination of sea type ions are of special
interest in constructing the comprehensive model for high Experimental Section
concentration aqueous inorganic aerosols. Such data have been
found to be very useful for verification or parametrization of
thermodynamic models. There are no studies of these propertie ; " :
of the present system in the literature. measyr.ement of thg relative humidity over aqueous solutions

In the experimental determination of thermodynamic proper- containing nonvolatile electrolytes.
ties in mixed electrolyte solutions, isopiestic vapor pressure and A droplet of a reference salt solution of NaCl(aq) or LiCl(aq)
electromotive force (emf) methods have been widely used. In was suspended by a spider-thin thread over a cup containing
this work, we use the hygrometric method described in our the solution to be studied. The humidity of air surrounding the
previous papef,which yields the water activity in aqueous droplet could be varied. Because of the small size of the droplet,
solution containing electrolytes from the measured relative the droplet solution rapidly equilibrates with the vapor-phase
humidity. This method has been used for determining thermo- water. By changing the relative humidity of the vapor, the
dynamic properties of binary aqueous chlorides including droplet can be made to absorb or evaporate water and thereby
NaCl(aqg), KCl(aqg), and NkCl(aqf and of ternary mixed change the concentration of solution and cause an increase or

decrease in its diameter. This diameter is measured by a
*Tel: +212 64 27 21 99. E-mail: dinaneab @yahoo.fr. microscope with an ocular equipped with a micrometric screw.

The water activity was determined by the hygrometric method
Jreviously described in our earlier wotKt is based on the
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Table 1. Growth Ratios K of the NaCl(aq) Droplets, Water 1.40 T T T T,
Activities ay, and Osmotic Coefficientsg of NaCl—KCIl —NHCl(aq)
at Total lonic strength | for Different lonic Strength Fractions y of g
NaCl 1.30 [~ ’;‘ 7
Myacl Mkl MNH,CI I K aw ¢
y=1/3 120 [ n
0.20 0.20 0.20 0.60 1.088 0.9805 0.911
0.40 0.40 0.40 1.20 1.509 0.961 0.920 < i

0.50 0.50 0.50 1.50 1.399 0.951 0.930
0.60 0.60 0.60 1.80 1.322 0.941 0.938
0.80 0.80 0.80 2.40 1.211 0.921 0.952 100
1.00 1.00 1.00 3.00 1.132 0.900 0.975
1.20 1.20 1.20 3.60 1.078 0.880 0.986
1.40 1.40 1.40 4.20 1.032 0.858 1.012 0.90
1.50 1.50 1.50 4.50 1.016 0.849 1.010
1.60 1.60 1.60 4.80 0.996 0.837 1.029

1.80 1.80 1.80 540  0.969 0.818 1.033 0.80 : ‘ ‘ 1
2.00 2.00 2.00 6.00  0.939 0.794 1.067 0.50 1.0 15 2.0 25 3.0
2.20 2.20 2.20 6.60  0.918 0.774 1.077 o
240 240 2.40 720 0984 0.754 1.088 {7/ (mol kg")}

y=1/2 Figure 1. Osmotic coefficientp of NaCl—-KCI—NH4Cl(aq) plotted against
0.20 0.10 0.10 0.40 1160 0.987 0.908 square root of total ionic strength? at different ionic strength fractions
0.40 0.20 0.20 080 1717 0.974 0914  Of NaCl(aq):®, [NaCl(aq)]; A, [KCl(aq)]; ¥, [NHa(aq)]; +,y = 1/3; x, y
060  0.30 0.30 120 1509  0.961 0920 =124, y=23.
0.80 0.40 0.40 1.60  1.375 0.948 0.926
1.00 0.50 0.50 200  1.278 0.934 0.948 Hygrometric Equilibrations. A series of measurements of

120~ 060 060 240 1211 = 0921 0952  the water activity were made for the mixture Na®Cl—
1.40 0.70 0.70 280  1.154 0.906 0979\ functi f total molalit ina f 041
1.60  0.80 080 320 1107  0.891 1.001 4Cl(aq) as a function of total molality ranging from (0.4 to
1.80 0.90 0.90 360  1.073 0.878 1.003 7.2) motkg™?, for different ionic strength fractionsof NaCl(aq)
2.00 1.00 1.00 400  1.042 0.863 1.022  (wherey = Iyac/lor) Of 1/3, 1/2, and 2/3 with the constant molal
220 110 1.10 440 1.012 0.847 1.047  ratio r of KCl(aq) on NH,Cl(aq) of unity (wherer = mkc/
g'gg i‘gg 1'58 g'gg 8'332 8'228 i'gg; Mun,cr) at T = 298.15 K. The reference solutions are NaCl(aq)
2.80 1.40 1.40 560  0.949 0.802 1004  and LiCl(ag). The measurements were made at (298.092)
3.00 1.50 1.50 6.00  0.935 0.790 1.090 K. In most cases, measurements for a given solution were made
3.20 1.60 1.60 6.40  0.916 0.772 1122 on several droplets. The uncertainty in the water activity depends
3.60 1.80 1.80 7.20 0988 0.745 1.135 on the accuracy of the diameter measurements and graphical
y=2/3 determination of water activities from growth ratio versus
040 010 010 060 1086 0.9804 ~ 0.916 a, for the reference solution. Then the relative error incurred
0.80 0.20 0.20 1.20  1.509 0.961 0.920 . i therefore | tha %
1.20 0.30 0.30 1.80 1316 0.940 0.954 in these measurements is therefore less 06.02 % for
1.60  0.40 0.40 240 1204  0.919 0.977  aw > 0.97,£ 0.05 % fora, > 0.95,+ 0.09 % fora, > 0.90,
2.00 0.50 0.50 300 1123 0.897 1.006  + 0.2 % fora, > 0.85, and+ 0.5 % fora, > 0.75.
240 0.60 0.60 360  1.066  0.875 1.029 The experimental values of water activity are listed in Table

2.80 0.70 0.70 4.20 1.019 0.851 1.066 e . .
320 0.80 0.80 480 0984 0.829 1084 1. The water activities of pure electrolytes are determined in

360  0.90 0.90 540  0.950 0.803 1.128  our previous _worl@. _ o
4.00 1.00 1.00 6.00  0.927 0.782 1.137 On the basis of the experimental water activities, we evaluated

4.40 110 110 6.60 09123 0.753 1.193 the osmotic coefficients for different ionic strength fractions.
4.80 1.20 1.20 720 0839 0733 1.197 The obtained osmotic coefficients are listed in Table 1 and
a2 in Ei ;
aReference water activity is 0.98Reference solution is LiCl(ag).  Plotted againsi®’“ in Figure 1. There are no studies of the
Numbers without exponents are for the reference water activity of 0.84 present system which are available for comparison with our

and the reference solution of NaCl(ag)= —1000 Ina,/18.015 (2n). results.
Treatment of the Thermodynamic DataAs mentioned
From measurements of reference droplet diam@&@egen} previously, two different models were used in the current work
above the reference solution and the same diam&éag) in modified form. The first is the extended composed additivity
above the studied solution, the growth ré€ie= D(aw)/D{ auren} (ECA) rule from Dinane, and the second is the ion-interaction

is calculated, and the relative humidity based upon the variation model from Pitzer.
of the ratioK as a function of the water activity of these (1) ECA Rule.Dinane et af have proposed the ECA rule,
reference solutions is determined. At equilibrium, the activity which calculates the water activity in mixed electrolyte solutions
of water of solution exactly equals the relative humidity of the from those of the aqueous solutions of the individual component
surrounding vapor. Generally, the reference relative humidity salts. The general ECA equation for mixed electrolytes with
is 0.84. For moderately dilute solution, the reference value is the same anion is given by
0.98.

A reference solution of NaCl(aq) or LiCl(aq) was prepared a, = (2—n) + z z By(ca) Z z I oahoe —
by mass from reagent grade crystals dried at 453.15 K. The T a c
concentration was controlled by conductivity measurements. The Z z z ledd ool Ocea (1)
uncertainties of molality data for solutes are less thaf.01 T T T
mol-kg~L. The solutions were prepared by mass from Merck
extrapure-grade chemicals (mass fractien0.995) without wheren is the number of components in the solutiomdicates
further purification and deionized distilled water. the cation,a indicates the aniorg,, is the water activity] is
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Table 2. Coefficients from the Polynomial Fit of Water Activity a,? Table 3. Pitzer Binary Parametersf©, g, and C ¢ and Standard
Deviation ¢ for Different Single Electrolytes at Maximum Molality
aw(NaCl(aq)) a(KCl(aq)) a(NH.Cl(aq)) Max m Used in Evaluation and Sources of Literature

ao 9.9948 (1) 9.9953¢1) 9.9996¢1) © ) P
a ~3.0974(2)  -3.0855(2)  —3.0993(2) system  mam  f B c o source
a —1.5048 (-3) —3.711 4) —3.8250 (-4) NaCl—H,0 6.0 0.765 0.2664 0.00127 0.001 ref9
ag 0 0 5.1788 {-5) KCI—H,0 4.8 0.04835 0.2122-0.00084 0.0005 ref9
o 0.00089 0.0006 0.00137 NH.Cl-H,O 7.06 0.0521 0.1916 —0.003 ref 12
m 0.2t0 6 0.1t0 4.8 0.1to6
source refs 3and 7 refs 3and 7 refs3and 7 Table 4. Mixing lon Interaction Parameters @ and v for Different

Ternary Mixtures Used in Evaluation and Sources of Literature

a Standard deviatiow, molality range for which coefficients are valid,

and sources of literature data used in polynomial fits. system 0 v source
NaCl-KCI—H,0 —0.012  —0.0018 ref 10

the ionic strength, and the parametdrsand o, determined Ng|CI_NH4¢C|I_Hzg 6%0162 —8-8832 re‘;5613 and 14

experimentally for each system, characterize the binary and KCI= NHClI=H; 051 —0.000847 re

ternary deviation from ideality for the mixture in a concentrated
solution. The ECA equation applied for quaternary system among different ions of the same sign and quaternary interac-

studied in the present work is given by tions between different ions not all of the same sign in the
concentrated solution mixture. The unknowinandé may be
&y = 2+ Aunach t Awkey T Buwr,en ~ Inaclkernar ~ estimated by a graphical procedure using the modified expres-

INaCIINH4CIlNaNH4 - IKCIINH4CI/1KNH4 ~ Inaclkeil Onaker — sion of eq 3. This yields

Inacinh il Onannar — kel el Oxnn,ar (2) A8, /\naclkailnb,cl = ~Anakne, ~ 1Onaknmcl 4)

wherelnac, Ikal, Inn,cl, @ndl are respectively the ionic strengths  where Aa,, is the difference between the experimental values

of the electrolytes NaCl(aq), KCl(aq), and DEi(aq) in the of water activityawexp)and the calculated water activitiegcaic)

mixture and the total ionic strength. Her&ynaci, awkcl), from eq 3 with = 0 andd = 0. The quantityAa, on the left

aw(NH,cl), anday are the water activities of binary solution of  was plotted against the total ionic strengtto obtain a linear

NaCl(aq) at the ionic strengtRac, the water activities of binary  plot with interceptl and sloped.

solution of KCl(aq) at the ionic strengthc, the water activities The mean values determined for Na®Cl—-NH,4Cl(aq) are

of binary solution of NHCI(aq) at the ionic strengthyy,ci, and Anakne, = 0.0035 (molkg™)~2 and dnaknm,er = —0.00038

the water activity of ternary solution at the total ionic strength (mol-kg~1)~4. The standard deviation for the fitig, = 0.0016.

I, respectively. The parametet@andd, determined experimen- (2) Pitzer's Model.Pitzer's modet1 for the calculation of

tally for each system, characterize the binary and ternary water activity of the mixtures has been used to treat the results

deviation from ideality in the mixture in a concentrated solution. from experiments and to compare with the data obtained using

The parameterénaxct, ANaNH; AkNH, » ONakcl O NaNH,cl, @ando the ECA rule. Calculations of thermodynamic properties for

Knh.ci are given in our previous work.® mixed electrolyte systems generally require relevant data for
The water activities for the binary solutions were calculated the pure components. In case of NaCl(ag), KCl(aq), and

using polynomial fits of water activity data obtained in our NH,CI(aq), the required quantities were calculated from data

previous worR and those from Robinson and StoKeFhe obtained in our previous work.
general equation of these polynomial fitsalg = ap + aum + The osmotic coefficient is given by the Pitzer model as
am? + agm® + aym* + .... The coefficients &) for each
electrolyte are listed in Table 2. The mean values determined 2 I A¢I3’2
for different ternary solutions, derived from combination of ¢ —1= - + My MB e + MClcl +
electrolytes studied in this work Na€KCl(ag); NaCl- zml 1+ 1.2/

I

NH4Cl(ag)? and KCHNH,Cl(aqf are respectivelylyax =
0.00125 (Mmokg )2, Anaw, = 0.001107 (mokg 12 s "
T, = 0.0001757 (mokg 12 and duae = —0.000015 McMBice) + MGeal + My MBRv 1 + MGyl +
(molkg™)73, Onanmcr = —0.00007 (mokg™)73, dknna = MMk Onak T MPnakel T MM, [Onanm, T MPnanmcl
—0.000016 (mokg Y)~3. The water activities for the studied
quaternary solutions were calculated using the ECA rule with
these parameters. The standard deviation for the fit,is=
0.0013.

Equation 2 involves parametetss and deea Characterizing whereA, is the Debye-Huckel osmotic coefficient parameter
binary interactions between two cations and ternary interactions@nd has the value of 0.392 for waterTat= 298.15 K,mis the
between two cations and the anion. Or, in the quaternary total molality, m with a subscript is the molality of the
solution, the three cations interact simultaneously. To character-Subscripted ion, and andy are respectively the binary mixing
ize these interactions, the cited parameters must be changedP@rameter and ternary mixing parameter involving different ions.
and another form of the ECA equation containing only two The second virial coefficier®? of the subscripted ions is defined

MMy O, T MPinnal f (5)

unknown terms is proposed: as
_ ¢ _ 1(0) (1) -
ay, = —2+ aynacy T &uey T Bwnnen — B” = g+ g% exp(-2v) (6)
Inacl kil crtnaknm,el — Inaclkel! ket Onaknier (3) wheref©, S, and C? are ion interaction parameters of the

specified ions which are dependent on temperature and pressure.
where the parameterbyakny, and Onaknmgcl, determined ex- These parameters are given by Pitzer and MaydaydNaCl(aq)
perimentally for each system, characterize ternary interactionsand KCl(aq) and by Christov et al. for NBI(ag)1? The values
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Figure 2. Water activitya,, of NaCl-KCI—NH,4Cl(aq) plotted against total
molality m at different ionic strength fractionsof NaCl(aq) (a)y = 1/3;
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Figure 3. Osmotic coefficient of NaCl-KCI—NH4Cl(aq) plotted against
square root of total ionic strength? at different ionic strength fractions
of NaCl(aq) (a)y = 1/3; (b)y = 1/2; (c)y = 2/3: +, experimental points;
O, ECA I rule; x, ECA Il rule; O, Pitzer; A, Dinane-Pitzer.

(b)y = 1/2; (c)y = 2/3: +, experimental pointsD, ECA | rule; x, ECA

Il rule; O, Pitzer; A, Dinane-Pitzer.

propose a modified Pitzer’s equation containing only the reduced
parameters corresponding to the all ionic interactions in the

of these ion interaction parameters are listed in Table 3. The mixed electrolyte solution. This equation, used for calculating

mixing parameter® andy that were evaluated by different

the osmotic coefficients of mixed electrolyte solutions, requires

authors and that give excellent agreement with experimental parameters estimated from common-ion solutions to characterize
data in the quaternary system are given in Table 4.

(3) Dinane—Pitzer Model. The Pitzer equation contains

ternary interactions among different ions of the same sign and
guaternary interactions between different ions not all of the same

several mixing ionic parameters. To simplify this equation, we sign in a mixed electrolyte solution. Starting from the equation
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Table 5. Activity Coefficients Calculated by Pitzer's Model ynaci of NaCl(aq), ykci of KCl(aq), and ynh,ci of NH4Cl(aq) in
NaCl—KCI —NH4Cl(aq) at Total lonic Strength | for Different lonic Strength Fractions y of NaCl(aq)

y=1/3 y=1/2 y=2/3
| YNacl YKel Y NH,Cl | VNacl YKel Y NH,Cl | YNacl yKel ¥ NH,Cl
0.60 0.598 0.605 0.604 0.40 0.631 0.637 0.636 0.60 0.597 0.600 0.599
1.20 0.548 0.550 0.549 0.80 0.576 0.579 0.578 1.20 0.550 0.545 0.545
1.50 0.535 0.535 0.534 1.20 0.549 0.548 0.547 1.80 0.532 0.520 0.519
1.80 0.526 0.524 0.523 1.60 0.534 0.529 0.528 2.40 0.527 0.506 0.506
2.40 0.517 0.510 0.509 2.00 0.526 0.516 0.516 3.00 0.528 0.499 0.499
3.00 0.513 0.501 0.501 2.40 0.522 0.508 0.507 3.60 0.533 0.496 0.496
3.60 0.514 0.497 0.497 2.80 0.520 0.502 0.502 4.20 0.542 0.496 0.496
4.20 0.517 0.495 0.495 3.20 0.521 0.499 0.498 4.80 0.554 0.498 0.497
4.50 0.520 0.495 0.494 3.60 0.524 0.497 0.496 5.40 0.568 0.502 0.501
4.80 0.523 0.495 0.494 4.00 0.527 0.496 0.495 6.00 0.584 0.506 0.505
5.40 0.530 0.496 0.495 4.40 0.532 0.496 0.495 6.60 0.601 0.512 0.510
6.00 0.538 0.498 0.496 4.80 0.538 0.497 0.496 7.20 0.620 0.519 0.516
6.60 0.547 0.500 0.498 5.20 0.545 0.498 0.497
7.20 0.558 0.503 0.500 5.60 0.552 0.500 0.499
6.00 0.560 0.502 0.501
6.40 0.569 0.505 0.503
7.20 0.588 0.511 0.508
as defined and discussed by Pitzer and Kima working wherennaknh, IS @ ternary mixing parameter involving unlike

expression may be obtained for the osmotic coefficient of a ions of the same sign anghaknH,cl IS @ quaternary mixing
mixed electrolytes involving, in addition to the quantities parameter for the three unlike ions of the same sign with a fourth
characterizing pure electrolytes, only two terms that define all ion of the opposite sign.

the interactions of different ions present in the solution of the  From the osmotic coefficients determined from the experi-
same sign and those with different sign. Then, the Dirane mental water activities of the studied mixture at different ionic

Pitzer equation is given by strength fractions, it is possible to determine the unknown
mixing ionic parametergnaxknn, andynaknm,cl- These quantities
5 I A 132 are evaluated by a graphical procedure that defines the quantity

$p—1= _ + A¢ as the difference between the experimental valyg and

l that calculated from eq @.aic without mixing ionic parameters.
2 mb 1t = This yields
(5 m2 M = + ©)
ZZ z mmy{ BL, + Cll + MyaciMkciMn,cl Nl Inak it
C a

Z Z Z Z MMM M e [ogergn -+ z A so that a plot ofA¢ versus total molalityn should give a straight
T T T ¢ = line with interceptynaknn, and slopeynaknH.cl-

We have evaluated the unknown mixing ionic parameters for
M . o the Dinane-Pitzer equation. The values a§gaknn, = 0.001,
Z Z az Z MMMy My D+ Z Milcasea. ] ynaknHcl = —0.005, and the standard deviatiomfs: 0.000.
) The comparison of the water activities shows that the values
calculated with ECA | and ECA Il rules and those predicted by
the Pitzer and DinanePitzer models are relatively close over
the molality range (Figure 2). The standard deviation.ig=
0.001 for Pitzer's modelyay = 0.0015 for DinanePitzer's
model. The average difference is less thia®.0015 between
our ECA 1l rule and the DinanePitzer model.
The calculations of the osmotic coefficients by ECA rules

where Em2 = (Emeze) = (Em4lza]) and ¢, ¢ ¢, and ¢" are
indices covering all cations while a}, &', and &' cover all
anions, the second term comprises a multiple sum over molalities
and the second and third virial coefficients for pure electrolytes.
The final two terms include interaction parameters involving

all catlong and all anions present in .the mixture. have been generalized for different mixtures. The standard
For a mixture of just three symmetrical electrolytes of charge ayiation for osmotic coefficient i, = 0.007 for Pitzers
z=1 and with a common anion, the expression is considerably 1 4q| ando, = 0.01 for ECA Il and ECA |

simplified. The osmotic coefficient of a mixed solution of three
salts NaCl(aq), KCl(aq), and Nigl(aq) is given by the Dinare
Pitzer equation as

The comparison of our results with those of Pitzer's model
is shown in Figure 3. The predictions by the ECA rules are
very similar to those of Pitzer's model at concentrations above
1 mokkg™. The deviation of the ECA becomes quite large at

2 I AP very low molality less than 1 metg~2. This is due to thee
¢p—1= - + MyaeMBRaci + MG + relationship by the term 10@#; mM,, which becomes greater
Z ml 1+1.2vI for m < 1 mokkg™! and yields large deviations for the water
[ activities.
MeaiMBer + MCeail + My, aMBRi,cr + MGscll + The comparison of the osmotic coefficient shows that the

values calculated with the Dinan®itzer equation and those
predicted by other models are relatively close over the molality

MyacMkciMun,cilTnaknb, T Minaknecl | (8) range (Figure 3). The average difference is less thad.01
between our ECA Il rule and DinaréPitzer’s model.
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The activity coefficientynaci of NaCl(aqg) in mixtures with
KCl(ag) and NHCI(aq) is given by the Pitzer model as

Mg
N ynac = 7+ T[ZBNaCI + MGacl +

My My
?BIZBNaCI + MGuacl + ?[ZBKCI + MG + 20yad +

m_.
?I[ZBNH@I + mMGuer + 200ann]

, 2Cyaci , 2Cxci | Ynakcl
”Na%{B Nacl T Ta] + mea[B kol T 3 + % +

2CNHACI wNaNH4CI

mr\|H4mC|[B'NH4C|+ 3 + 3

1 1 1
3MNaTkYnakc + 3MNaTH, Y NanHcl + 3 Mk, Vi ci (10)

where f7 is the term of DebyeHickel for the activity
coefficient; the quantitie®, B, and C were calculated from
ref 8.

The activity coefficientykc) of KCl(aq) in mixtures with
NaCl(aq) and NHCI(aq) is given by

Mg
Inyge ="+ T[ZBKQ + mGe] +
My my
?[ZBKG + MGl + ?a[ZBNaCI + MGaci + 20Nad +

Mha,
T[ZBNH4CI + MG, T 20Nann] +

, 2Cq , 2C\aci | Ynakc
mea[B kol T T] + mNamCI[B naci T 3a + % +

, G Yrnmgel| 1
My, Mol B'npyer + —3 + 3 + 3MNaTkYnaxc +

1 1
3K,V kK i + 3R, Y NanH,cl (11)

The activity coefficientynm,ci of NH4Cl(aqg) in mixtures with
NaCl(aq) and KCl(aq) is given by

Mg
Inynwe =7+ ?[ZBNHp +mGal +

Mhh, My
T[ZBNH4CI + MGl + ?[ZBKCI + MG + 20, ] +

My
Ta[ZBNau + MGaci + 20nann] T

! ZCNH4CI ) 2
My, Mol B'nmyer + —3 + memg| By + 3 +

YNH Kl 2Chac Ynanmc
34 + mNamCI’B'NaCI—i_Ta—i_TA +

CKCI

1 1 1
3MNH,MNaY NanH i + 3Tk, PinH i + 3Tk MNaNakci (12)

The activity coefficient/naci, Ykci, andynm,ci in the mixture
are listed in Table 5.
Figure 4 is a plot ofynacl, Ykci, andynn,cl @s a function of

I¥2. The magnitude of the activity coefficients of the solutes in
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Figure 4. Activity coefficients calculated by Pitzer's modehac of
NaCl(aq), ykel of KCl(aq), and ynn,ci of NH4Cl(aqg) in NaCHKCI—
NH4Cl(aqg) and plotted against square root of total ionic strengthat
different ionic strength fractiong of NaCl(aq). (a)ynaci (b) ykci; (C)
yaHcl: T, Y = U35 x, y = 1/2; A, y = 2/3. Curves with dashed line are
for pure electrolytes®, [NaCl(aq)]; a, [KCl(aq)]; ¥, [NH4(aq)].

the quaternary solutions is similar to those in the binary coefficient of pure NaCl(aq) in the following ordefnaciin)

solutions. For NHCI(aq), theynn,ci exhibited relatively low

> YNaClg=2/3) > YNaCly=1/2) > YNacly=1/3)} For the KCl(aq), the

solute activity coefficients in comparison to the two other activity coefficients of KCl(aq) in the mixture decrease with
electrolytes. A cursory comparison of these results shows thatincreasing ionic strength fractioggrom the activity coefficient
the activity coefficients for NaCl(aq) in the mixture decrease of pure KCl(aq) in the following order:ykcipiny > Ykciy=1/3)

with increasing ionic strength fractiong from the activity

> ykely=1/2) > Ykciy=23) for total molality less than 3 metg ™,
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and this order is reversed for total molality greater than 3
mol-kg™! in the following order: ykciping > Ykciy=2/3) >
YKCI(y=1/2) = VKCI(y=1/3)- For the NHCI(aq), the activity coef-
ficients of NH,Cl(aq) in the mixture decrease with increasing
ionic strength fractiony from the activity coefficient of pure
NH4Cl(aq) for molalities greater than 2 mkf! in the
following order: ynu.Cibingy > YNHLCly=2/3) > YNHiCly=1/2) >
YNHCly=1/3) for molalities less than 3 mdig™! the order is
reversed.

Conclusions

The water activity as a function of solute concentration has
been determined at = 298.15 K for aqueous electrolyte
mixtures of NaCHKCI—NH4Cl—H0 to total ionic strengths
from (0.4 to 7.2) mokg™! with the use of an hygrometric
method. The data allow the deduction of nhew osmotic coef-
ficients of this mixture. The solute activity coefficients of the
components in the mixture were also determined for different
ionic strength fractiony of NaCl(aqg).

Four different mixing rules were evaluated in their ability to
predict the water activity and osmotic coefficient as a function
of solute concentration for the mixed electrolyte solutions

(2) El Guendouzi, M.; Dinane, A. Determination of water activities,
osmotic and activity coefficients in aqueous solutions using the
hygrometric methodJ. Chem. Thermodyr2000 32, 297—313.

(3) El Guendouzi, M.; Dinane, A.; Mounir, A. Water activities, osmotic
and activity coefficients in aqueous chlorides solutions at 298.15 K
by the hygrometric methodl. Chem. Thermodyr2001, 33, 1059-
1072.

(4) Dinane, A.; El Guendouzi, M.; Mounir, A. Hygrometric study of
thermodynamic properties of Na€KCI—H,0 at 298.15 KJ. Chem.
Thermodyn2002 34, 1—-19.

(5) El Guendouzi, M.; Dinane, A.; Mounir, A. Hygrometric determination
of the water activities and the osmotic and activity coefficients of
(ammonium chloridet sodium chloridet water) at 298 KJ. Chem.
Thermodyn2002 34, 783-793.

(6) Dinane, A.; Mounir, A. Hygrometric determination of water activities
and osmotic and activity coefficients of NEII—KCI—H,0 at 25°C.

J. Solution Chem2003 32, 395-404.

(7) Robinson, R. A.; Stokes, R. HElectrolyte SolutionsButterworth
Scientific Publications: London, 1955.

(8) Pitzer, K. S. Thermodynamics of electrolytes. I. Theoretical basis and
general equationsl. Phys. Chem1973 77, 268-277.

(9) Pitzer, K. S.; Mayorga, G. Thermodynamics of electrolytes. II. Activity
and osmotic coefficients for strong electrolytes with one or both ions
univalent.J. Phys. Chem1973 77, 2300-2307.

(10) Pitzer, K. S.; Kim, J. J. Thermodynamics of electrolytes. IV. Activity

and osmotic coefficients for mixed electrolyteks. Am. Chem. Soc.
1974 96, 5701-5707.

(11) Pitzer, K. S.Thermodynamics2nd ed.; Lewis, G. N., Randall, M.,
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studied. The ECA | and the ECA Il methods and the Pitzer and (12) Christov, C.; Petrenko, S.; Balarew, C.; Valyashko, V. Calculation of

the Dinane-Pitzer models, using information from single

electrolyte solutions and ionic mixing parameters, were generally (13)

able to predict the mixture’s water activity and osmotic
coefficient to within the uncertainty of the experimental data
for NaCl=KCI—NH4CI—H,0 system.
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