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The physical chemistry of natural waters
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Abstract - Ionic interactions have been shown to affect the thermodynamic
and transport properties of natural waters as well as bio- and geo-
chemical processes taking place in these waters. The ionic interaction
models used to account for these interactions have been examined. Simple
additivity models are used to estimate the density and sound speed of the
mixtures of sea salts and seawater. The estimated values are shown to be
in good agreement with the measured values. The ion pairing and specific
interaction models are used to estimate the activity coefficients of ions
in seawater and brines. The results are shown to be in good agreement
with measured values. The estimated activity coefficients are shown to
yield reliable values of the pK for the ionization of acids.

INTRODUCTION

A knowledge of ionic interactions is necessary to understand the chemical processes that
occur in natural waters such as rivers, lakes, estuaries, seas and ocean waters. Short
range ion-water and ion-ion interactions have been shown to affect equilibria processes
(acid-base, solubility, oxidation-reduction) as well as the physical-chemical properties of
natural waters (ref. 1-13). Since ionic interactions affect the state of metal ions, many
have suggested that biological activity is affected by ionic interactions (ref. 7,10,14,
15). Recent work (ref. 16) has also shown that ionic interactions can affect the rates of
chemical processes in natural waters.

As a physical chemist there are two basic questions that one would like to answer
concerning natural waters: 1. How are the physical chemical properties affected by ionic
interactions? and 2. How do these ionic interactions affect bio-, geo-chemical processes
that occur in natural waters? To answer these questions it is necessary to have ionic
interaction models that can be used to estimate the effect of ion-water and ion-ion
interactions in multi-component electrolyte solutions of known composition. In recent
years a number of major advances have been made on developing ionic interaction models for
multi-component electrolyte solutions (ref. 17-26). Over the past few years we and others
have attempted to use these models to examine how ionic interactions affect the chemical
processes that occur in natural waters. In this paper I will briefly review some of this
recent work.

CONDITIONS IN NATURAL WATERS

Before we examine the physical chemistry of natural waters it is appropriate to examine the
conditions of the natural electrolyte solutions we are considering. In Table 1, the ranges

TABLE 1. Conditions of Natural Waters

Water Temp.0 Pressure Concentration

Ranges/ C Ranges/b Ranges/m
Ocean Waters -2 to 40 0 to 1000 0.1 to U.8
Lakes 0 to 40 U to 50 0.002 to 6
Lagoons- 0 to 40 UOtol 0.1 to 17
Seas U to 40 0 to 10 0.1 to 7
Hydrothermal 0 to 400 0 to 500 0.7 to 6
Brines
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of temperature, pressure and ionic strength are given for some typical natural waters. The

maximum ranges are -2 to 400°C in temperature, 0 to 1100b in pressure and 0 to saturation
in ionic strength. The relative composition of the major components of natural waters can
be quite variable depending upon the local drainage basins. Some comparisons of the major
components of some rivers, lakes, seas and ocean waters are compared in Fig. 1.

Seawater Lake Tonganyika

Fig. 1. The equivalent fraction of cations and anions in natural waters.

As is quite apparent from this comparison not only does the ionic strength vary over a wide
range, but the composition of cations and anions can differ considerably for natural
waters.

If the composition of a natural water is known, it is possible to use ionic interaction
models to estimate the physical properties of these waters and the effect these ionic
interactions have on thermodynamic and rate processes. In the next two sections we will
examine these estimations for some natural waters.

PHYSICAL PROPERTIES

The effect of ionic interactions on the physical properties of natural waters has been
studied by a number of workers (ref. 1,3,6,9,11). To estimate the physical properties of
natural waters of known composition it is necessary to know the properties of the major
jonic components of the mixtures (ref. 3). One can ‘then;use additivity methods to estimate
the property of the solution (P). This is done using apparent molal properties (¢)

P=P0+ e (1)

where P% is the property for water and er is the total equivalents (or moles) of ionic

components in the mixture. One of the most important generalizations concerning the
behavior of ¢ for mixed electrolyte solutions is that first developed by Young (ref. 27).
In this classic study it was shown that the apparent molal property of a mixed electrolyte
solution is given by

6= TN O, (2)

where N, = m./m; is the mole fraction of electrolyte i and ¢, is the molal property of i at

the ionic strength of the mixture. This simple additivity rule assumes that as a first
approximation the excess mixing properties can be neglected QﬁPex =0). Improvements in

eq. (2) have been made by Wood and co-workers (ref. 18,28,29). The new equation is

¢=2 I E, E, ¢$(MX) (3)
M X M X

where EM and EX are the equivalent fractions of cations (M) and anions (X). This method of

adding the components of the mixture accounts for all the plus-minus interactions and
yields more reliable estimates for ¢ of the mixture.

As has been demonstrated in numerous studies eq. (3) can be used to estimate reliable
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thermodynamic (ref. 2,6,30-37) and transport (ref. 3,38) properties of rivers, lakes and
seawater.

Comparisons of the measured and calculated densities of seawater (ref. 6) diluted with
water shown in Table 2 demonstrate the reliability of using eq. 3.

The calculated densities agree with the measured values to + 25 X 10'b g cm'3. Although
eq. (3) gives reliable estimates for dilute natural waters, for brines the estimates are
not as reliable due to the larger excess mixing properties at higher ionic strengths. This
is demonstrated in Table 3 for Red Sea brines (ref. 37).

TABLE 3. Comparison of the Measured and
Calculated Relative Densities (g cm'3) of
Red Sea Brines Diluted with Water at 25°C®

TABLE 2. Comparisons of the Measured
and Calculated Densities (g en3) of
Seawater at 25°C @ (S = salinity)

6 Measured
I S §d, 10 3 6
I (d-d )10 sd, 10
0.11 5 -4
0.21 10 -1 0.470 18.360 -18
0.31 15 -1 1.218 46.136 81
0.41 20 =5 1.752 64,986 134
0.51 25 1 2.614 93,984 199
0.61 30 11 3.561 123.974 211
0.72 35 24 4,234 144,207 235
5,333 175.610 297
6.124 197.281 444

a) Millero (ref. 6)

a) Millero, et al. (ref. 37).

To add the excess mixing parameters to the addivity relationship one takes advantage of the
findings of Young and co-workers (ref. 39,40). In these studies they demonstrated that as
a first approximation the excess mixing properties of two electrolytes with a common ion
(MX + NX) are independent of the uncommon ion (X). This gives

APex (MX + NX)Z APex (MY + NY) (4)

They also demonstrated that the excess properties for reciprocal salt pairs (MX + NY) given
by the diagram

My NY

can be approximated by the so called cross square rule given by
0= zx (5)

This cross square rule states that the sum of the excess mixing properties around the sides
of the diagram is- equal to the sum of the excess properties of the cross mixtures. This
gives the following

APex (MX + NX) +APex (NX + NY) +APex (MY + NY) +APex (MY + MX) =
APex (MX + NY) +APex (NX + MY) (6)

This cross square rule has been shown to hold for a number of electrolyte systems (ref.
41,42). More recent work has demonstrated the reliability of this rule for the volume and
compressibility properties of the major sea salts, NaCl + MgSO4. This is demonstrated in

Table 4 for the changes in volume (Avm) and compressibility (AKm) of mixing the major sea

salts at 25°C (ref. 18).
The addition of the excess mixing term to eq. (3) gives

¢ = ﬁ i EM Ex ¢ (MX) +APm/eT (7)
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TABLE 4. Verification of the Cross Square Rule
For the Major Sea Salts at I = 3.0 and t = 25°C

Common Ion AV (max)/ 10%K_(max)/
en™3 mo1 kg'1 cnS mol kg"1 b~

NaCl - Na2504 0.56 1.65
Na,S0, - Mgso,  -0.11 -0.67
Mgs0, - MgCl, 0.27 0.65
Mt_:)Cl2 - NaC1 -0.22 -1.03
Uncommon Ion

NaCl - MgSO4 -0.06 -1.34
MgC]2 - N62504 0.59 1.98

Comparison of 20O and XX

:a 0.50 0.60
X 0.53 0.64
-0.03 -0.0%

The excess mixing term in eq. (7) has been formulated by Reilly and Wood (ref. 29) using
the cross-mixing rule (ref. 33)

AP fer = (er/4) [ ZEy Ey Ey (2, +12,) (2 +1Z,) Py MmN +
ZEy Ey Ey (Zy +Z,) (Zy + 1)) P, x, )M (8)

where Z]. is the absolute charge on the ion i, PU(M,N)X and PU(X,Y)M are the mixing

interaction parameters for mixing cations M + N or anions X + Y of the same charge type in
the presence of ion X or M of opposite sign. This equation attempts to account for
cation-cation and anion-anion interactions and neglects higher-order triplicate
interactions (ref. 18).

L] L L T c‘t LE N
. [)
o4r ®  MgCl,+ Na,SO, )
ANy
0.2} |
MgSO+ MgCl,y
No,SQ,+ MgSQ, - 0
' : NaCl + MgSO,
o
-03 \ R A N -02 A . A R
10 o8 06 O04 02 O 1.0 08 06 .04 02 O

%

Fig. 2. The changes in the volume of mixing the major sea salts at I = 3.U.
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20 20
15 1.5 MgCly+ No, SO,
NoCl + No,SO,
1.0 1.0
05 0.5
lo‘AKm MgSO, + MgCl, lO‘AKm
o [
Na,S0, + MgSO,
-0.5 -05
NoCl + MgSO,
-1.0 -10
MgCl, + NaCl
-15 -15
10 o8 0.6 0.4 0.2 (o] { 08 06 0.4 0.2 ¢}
Y Y,

Fig. 3. The changes in the adiabatic compressibility of mixing the major sea
salts at I = 3.0,

The values of P0 are determined from the excess mixing properties fit to an equation of the
form (ref. 17)

AP = y,y I [Py + Py (1 - 2y5)] (9)
where 1 is the ionic strength of the mixture, Y is the ionic strength fraction of
electrolyte i and P, and P, are parameters related to ionic interactions. Since the values
of APm are symmetrical around Y3 (See Fig. 2 and 3), the Pl parameter is normally very
small. The parameter Pu is thus equal to APm(max)/O.Zblz, where APm(max) is the maximum
APm at y, = y3 = 0.5,

The reliability of using eqs. (7) and (8) to estimate the properties of brines can be
demonstrated by estimating the densities and sound speeds of mixtures of the major sea salt

cross mixtures (NaCl + MgSO4 and Na2504 + MgClz). Comparisons of measured and calculated
densities and sound speeds for these systems are given in Tables 5 and 6.

As is quite apparent from these comparisons, the addition of the Avm and AKm terms greatly
improves the estimates.

TABLE 5. Comparison of the Measured and TABLE 6. Comparison of the Measured and
Calculated Densities (w"g cm'3) for NaCl - Calculated Speed of Sound (m sec'l) for NaCl -
MgSO4 and NaZSO4 - Mg(:l2 Mixtures at I = 3.0 MgSO4 and Na2504 - MgCl2 Mixtures at I = 3.0

NaCl(Z)-MgSU4(3) Na2504(2)-Mgc12(3) NaCI(Z)-MgSO4(3) NazSO4(2)-MgC12(3)
Y3 a b a b ) a b a b
0 o 0 0 0 0 0 0 0 0
0.1 -113 -12 =58 32 u.1 -U.54 -U,51 -0.3% u.47
0.2 =214 -34 -106 41 0.2 -U.89 -0.73 -U0.42 0.64
0.3 -286 -50 -149 47 0.3 -0.98 -U.66 -0.23 U.26
0.4 -340 -79 -197 31 0.4 -1.0u 0.50 -U.10 u.U1
0.5 -367 -99 -222 15 u.b 0.91 u.28 -0.39 -0.21
u.6 -366 -11% =230 -2 0.6 -0.88 -0.17 -0,61 -U.3%
u.7 -344 -123 -221 =21 0.7 -0.17 -0.01 -u.72 -0.34
0.8 -273 -107 -191 -32 0.8 -U.43 u.18 -0.63 -U.3u
u.9 -161 -71 -97 -3 u.9 -0.20 u.17 -0.47 -U.3v
1.0 0 0 [V} 0 1.0 V] 0 [V} 0
a) Without AV a) MWithout AK

b) With AVm b) HithAKm
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At present reliable PVT data is available for the b5 properties of most of the components
of natural waters from 0 to 50°C and I = 0 to saturation (ref. 8,12). For the major sea
salts this data base has been expanded to 100°C (ref. 43,44). For the major sea salts

excess volume data are available from 25 to 100°C (ref. 43). At 25°C excess volume and

compressibility data are available (ref. 8,12) for the major sea salts as well as other
components of brines such as NaCl + MC1 and NaCl + NaX, where M = Li+, K+, Rb+, CS+, NH
Mg?*, ca?*, se?*, Ba® and X = F7, Be™, 17, NO,", HCO,™, CO427, OH™ at I = 0.7 and 25%.

Further measurements for these systems are needed at higher ionic strengths and higher
temperatures.

+
4 °

ACTIVITY COEFFICIENTS
To understand the chemical behavior of ionic solutes in natural waters, it is necessary to
know the thermodynamic activity 3 rather than the total concentration [i]T. The activity
and total concentration are related by

a; = [IJTYT(I) (10)
where YT(i) is the total or stoichiometric activity coefficient of i. The value of Yr is

related to the non-ideal behavior of i due to ionic interactions. These ionic interactions
are controlled by the composition of the natural waters. The effect of composition on the
activity of electrolytes can be estimated by using various ionic interaction models (ref.
20-26,45-50). A number of workers (ref. 6-8,10,13,20-26,50-68) have applied these models
to seawater, rivers, lakes and brines. These models can be divided into two major types

1. Specific interaction and 2. Ion-pairing models. The specific interaction models yield
reliable estimates for the major ionic components; while the ion pairing models yield
reliable estimates for the minor ionic components (ref. 21,24,62). The combination of the
two models (ref. 21,24-26,62) yields a consistent model that can be used for all the
components of natural waters.

In this section we will briefly review the recent progress made in using these models. A
more detailed description of using the specific interaction model developed by Pitzer (ref.
20) and the ion pairing model is given elsewhere (ref. 23,24).

The ion pairing model estimates the activity coefficient of ionic solutes from the equation
(ref. 24)

Yp(i) = (Gde/0idp) ve (i) (11)

where YF(i) is the activity coefficient of the free ion and [i]F/[i]T is the fraction of
free ion. For a metal ion (M) this fraction is given by

-1
= *

M3/ = (1 + ZKE, (X D) (12)
where Xi is a ligand interacting with M. The association constant Kﬁx for the formation of
an ion pair MX is given by

Kix = Kux YE (M) YE(X) /v (MX) (13)
where KMx is the thermodynamic association constant.

The total activity coefficients for some ions in average seawater (salinity S =35 and I =
0.7) are given in Table 7 along with values determined experimentally (ref. 24).

The agreement is good and demonstrates the reliability of the ion pairing method for
estimating activity coefficients. The estimation of values of Y7 for weak acid anions can

be useful in determining the dissociation of acids in natural waters (ref. 24,66). A
comparison of the measured and calculated pKﬁA for acids in seawater is shown in Table 8

(ref. 24,66). Again the agreement is quite good.
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TABLE 7. Values of vy, for ions determined from the ion
pairing model compared to measured values a

Ion Meas. Calc. Ion Meas. Calc.

H* 0.70 V.69 OH™ 0.22 0.24

Na* 0.71 0.69 HCO;™  0.53 0.54

K* 0.66 0.62 B(OH),” 0.36 0.35

mg2*  0.26 0.26 HPO,~ .42 0.40

ca®*  o.22 0.23 €0,%” .03 0.03

se?t 0,19 0.23 50,2 v.10 0.09

F- 0.30 0.33 o, 2~ 0.7 o
P04§' 3.7x107°  4.2x107°

@ From ref. 24, based on ‘YT(CI') = 0.63.

TABLE 8. Comparison of the measured and_calculated pKﬁA

for the ionization of acids in seawater

Acid Meas. Calc. Acid Meas. Calc.

H20 13.18 13.21 HF 2.44 2.47

B(OH)3 8.60 8.59 HZS 6.59 6.62

H2003 5.84 5.86 HSO4' 0.94 0.96

Hc03' 8.93 8.96 H2P04‘ 5,94 6.14

NHY 9.35 9.34 H.PO 1.57 1.55
4 5 374

HPO4 9.11 8.93

2 From ref. 24 and 66

Although the ion pairing model gives reasonable estimates of activity coefficients for
dilute solutions (below I =1.0), at higher concentrations it is not as reliable due to the
problems of estimating the activity coefficients of ion pairs and free ions (ref. 24).

This difficulty can be overcome by using the specific interaction models described below.

Most of the early models used to estimate the activity coefficients of ions were based on
extensions of the Debye-Huckel equation

—Inv, = At/ + Ca, 11/2) (14)

where A and C are Debye-Hiickel parameters and, a5, the ion size parameter is an adjustable
term. By adjusting a; or adding a Bi I term this equation can be used to make reasonable

estimates of activity coefficients to 1 m (ref. 69). Extensions to higher ionic strengths
require an ionic strength dependence for the Bi term (ref. 20,49). Ionic solution theory

(ref. 20) suggests that the value of Y in a mixture should be of the form

InY, =D, H., + IB.. m, + | S M, :

T FBig Myt L Cygeomyom (1)
J Jk

where D.H. is the Debye-Hiickel limiting law, Bij and cijk are, respectively, second and

third virial coefficients which are functions of ionic strength. To I = 4,0, the second
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virial coefficient is sufficient (ref. 20). Pitzer and coworkers (ref. 20,70-78) have
developed a simple functional form for the ionic strength dependence of the Bij term and
pointed out the importance of the C.. term at high ionic strengths. The semi-empirical

approaches of Pitzer (ref.20) and Scatchard (ref.49) include the basic features of the
Brgnsted-Guggenheim specific interaction moael (ref. 46,47) and account for the
interactions of like charged ions and triplet {nteractions.

In their simplest form the activity coefficients of cations M and anions X for the Pitzer

equations are given by 4
- 2 '
1n Yy = ZM f +212 m, (BMa + ECMa)‘+ ZM IImom BCa + ZM L m om CCa (16)
a ca ca
= ! 2 .
n Yx = ZX fo+2 E Me (ch * ccx) * ZX E ? M My Bca * ZX E ﬁ'mc Ma cca a7)

where Zi is the charge, m, is the molality of cations (c) and anions (a) in the mixed

i
solution, and E = ZC m. = b Za m, = 1/2 Zmi Zi (the equivalent molality). The f
a

term is a Debye-Hiickel term

£ o= -0.392 (1V2/(1 + 1.2 1YM2) + (2n1.2) 1 (1 + 1.2 1Y/%)) (18)
Byy = BOx + Bpy/21) [ = (1 + 211/2) exp (-211/%)] (19)
Buy = Buy/21%) [0+ 1+ 2182 4 21) exp (-21'/%)3 (20)
Cux = Su/(2/ 7, 7, 119 (21)

Tabulations of B;X, Bﬁx and CMg for binary solutions are given elsewhere (ref. 21,62,64,70-
)

73,75). Terms are added to eqs. 16 and 17 for the interaction of like charge ions ( 04j
and triplet interactions ( wijk) and for higher order electrical interactions for
unsymmetrical mixing effects ( ei' and E e;j). Tabulations of 9;

given elsewhere (ref. 25,26,72-75).

j and ¥k terms are

The equations of Pitzer have been applied to seawater (ref. 13,21,25,26,53,54, 57,62-64)
and to brines (ref. 13,25,26,61,68,79-81). Weare and coworkers (ref. 25,26) have used the
equations of Pitzer to generate interaction coefficients for the major components of
natural waters (Na, Mg, K, Ca, H, Cl, 504, OH, HC03, CU3 and COZ)’ With these interaction

coefficients they have successfully determined the solubility of a number of minerals in
evaporated seawater (ref. 25,26,82,83).

The reliability of the Pitzer equations can be demonstrated by comparing the calculated
activity coefficients of ions with the measured values. A comparison for seawater
solutions is shown in Table 9 (ref. 62,63). The agreement is quite good and better for the
major components than obtained with the ion pairing model (Table 7). The estimated values
of pK;‘lA for the ionization of acids in seawater are also in good agreement with the

measured values (ref. 63).

In summary, at present the equations of Pitzer combined with the ion pairing model, for
systems with strong plus-minus iBteractions, can be used to make reliable activity
coefficients to saturation at 25°C. Further measurements are needed to extend this model
to high temperatures and pressures. Studies are also needed on the use of ionic
interaction models to examine the effect of ionic interactions on rate processes in natural
waters (ref. 16).
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TABLE 9. Values of Y1 for ions determined from Pitzer's

equations compared to measured values a

Ion Meas. Calc. Ion Meas. Calc.
H* 0.590 0.586 HS~ 0.673 0.663
Na* 0.668 0.666 B(OH),” 0.419 0.427
k" 0.625 U.619 HCO;™  0.576 0.569
NH§+ 0.619 0.624 HPO,”  0.492 0.511
ca*t  0.203 0.213 50,57 u.10 0.109
set 0w 0.212 c05%"  v.040 0.038
F- 0.348 0.238 HPO,%™  0.046 0.045
OH™ 0.262 0.244 P04§' 1.4x107°  0.9x107°

% From ref. 62,63, based on Y (C17) = U.666.
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