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Abstract The thermodynamic stability constants for the hydrolysis and formation of

mercury (Hg2+) chloride complexes

Hg2þ þ nH2O ¼ Hg(OH)ð2�nÞþ
n þ nHþ bn

Hg2þ þ nCl� ¼ HgClð2�nÞþ
n bi

have been used to calculate the activity coefficients for Hg(OH)n
(2–n)+ and HgCln

(2–n)+

complexes using the Pitzer specific interaction model. These values have been used to

determine the Pitzer parameters for the hydroxide and chloro complexes ðbð0ÞML; bð1ÞML and

CML). The values of kij and fijk have been determined for the neutral complexes (Hg(OH)2

and HgCl2). The resultant parameters yield calculated values for the measured values of

log b� to ±0.01 from I = 0.1 to 3 m at 25�C. Since the activity coefficients of

Hg(OH)ð2�nÞþ
n and HgClð2�nÞþ

n are in reasonable agreement with the values for Pb(II), we

have estimated the effect of temperature on the chloride constants for Hg(II) from 0 to

300�C and I = 0–6 m using the Pitzer parameters for PbClð2�nÞþ
n complexes. The resulting

parameters can be used to examine the speciation of Hg(II) with Cl- in natural waters over

a wide range of conditions.
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1 Introduction

Hg is found typically in three chemical forms in the marine environment: elemental Hg

(Hg0), in a variety of inorganic and organic complexes of the divalent ionic Hg (Hg(II)),

and methylated forms that include both monomethylmercury (MMHg) and dimethylmer-

cury (DMHg). The di-ion Hg2þ
2 ; composed of two singly charged ions, is present in most

aqueous solutions in ultra trace levels. All of these species are linked in most natural

waters. The biogeochemistry, speciation, distribution, behaviour, and fate of mercury in the

ocean have recently been presented by Fitzgerald et al. (2007). The inorganic speciation of

Hg(II) in natural waters is dominated by chloride (Powell et al. 2005). The hydrolysis

reaction of Hg(II) is observed at pH over 1 and must be considered in all equilibrium

studies of Hg2+-ligand systems (Lamborg et al. 2003; Powell et al. 2005). In oxic seawater

and estuarine waters, a series of chloride and hydroxide complexes exist at neutral pH, in

the absence of organic complexing agents. In oxic rivers and lakes with low concentrations

of chloride, organic complexes are dominant (Benoit et al. 1999; Lamborg et al. 2003;

Fitzgerald et al. 2007). Since the methylation processes are not very fast, appreciable

amounts of inorganic Hg(II) can be present. Knowledge of its speciation is, therefore,

crucial to understand its biological activity and chemical–physical behaviour in natural

waters (Von Burg and Greenwood 1991). The inorganic speciation can play an important

part in the toxicity and exposure of mercury to living organisms, and influences the

transport and control of mercury emissions to the atmosphere (Fitzgerald et al. 2007). The

inorganic speciation of Hg can only be modelled by using reliable stability constants and

activity coefficients as a function of ionic strength. Recently, Powell et al. (2005) provided

a critical evaluation of the equilibrium constants for the complex formation reactions

between aqueous Hg(II) and the inorganic ligands Cl- and OH- using data from the

IUPAC Stability Constants database, SC-Database, at 25�C and perchlorate media. These

hydrolysis equilibria are given by the general equation

Hg2þ þ nH2O ¼ Hg(OH)ð2�nÞþ
n þ nHþ ð1Þ

where the values of bi are given by

b�i ¼ ½Hg(OH)ð2�nÞþ
n �½Hþ�n=½Hg2þ� ð2Þ

The chloro complexes equilibria in NaClO4 media are given by the general equation

Hg2þ þ nCl� ¼ HgClð2�nÞþ
n ð3Þ

where the values of bi are given by

b�i ¼ ½HgClð2�nÞþ
n �=½Hg2þ�½Cl��n ð4Þ

The recommended values of log b� for chemical speciation modelling of Hg2+ and

OH- and Cl- ligands are presented in Tables 1 and 2. Powell et al. (2005) have extrap-

olated the measured stability constants to an ionic strength of I = 0 mol kg-1 using the

Specific Interaction model (Grenthe et al. 1997). In this paper, we have examined the

effect of ionic strength on these constants using the Pitzer model (1991). The activity

coefficients for the formation of mercury chloride and hydroxide complexes have been

determined at ionic strength from 0 to 3.5 m NaClO4 media at 25�C. These values

have been used to determine Pitzer interaction parameters ðbð0ÞMX; bð1ÞMX and CMX)

for Hg(OH)ð2�nÞþ
n and HgClð2�nÞþ

n complexes (where bð0ÞMX and bð1ÞMX account for cation
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(M)–anion (X) interactions and CMX for triplet interactions, M–X–M and X–M–X). These

results can be used to model the inorganic behaviour of Hg(II) in natural waters.

2 Pitzer Calculations

2.1 Formation of Hydroxide Complexes

The hydrolysis equilibria for Hg(II) are given by

Hg2þ þ H2O ¼ HgOHþ þ Hþ b�1 ¼ ½HgOHþ�½Hþ�=½Hg2þ� ð5Þ

Hg2þ þ 2H2O ¼ Hg(OH)2 þ 2Hþ b�2 ¼ ½Hg(OH)2�½Hþ�
2=½Hg2þ� ð6Þ

Hg2þ þ 3H2O ¼ Hg(OH)�3 þ 3Hþ b�3 ¼ ½Hg(OH)�3 �½Hþ�
3=½Hg2þ� ð7Þ

2Hg2þ þ H2O ¼ Hg2OH3þ þ Hþ b�2;1 ¼ ½Hg2OH3þ�½Hþ�=½Hg2þ�2 ð8Þ

Table 1 Equilibrium constants
for the hydrolysis of Hg2+ in
NaClO4 media at 25�C (Powell
et al. 2005)

a Baes and Mesmer (1976)

Reaction I (molality) Log bi

Hg2+ + H2O = HgOH+ + H+ 0.102a -3.60a

0.513 -3.69

0.513 -3.67

1.052 -3.82

1.052 -3.63

3.419 -3.43

3.503 -3.3

3.503 -3.48

3.503 -3.51

3.503 -3.41

Hg2+ + 2H2O = Hg(OH)2 + 2H+ 0.102a -6.12a

0.513 -6.28

0.513 -6.23

1.052 -6.34

1.052 -6.25

3.419 -5.85

3.503 -6.31

3.503 -6.08

3.503 -6.09

3.503 -6.05

Hg2þ þ 3H2O ¼ Hg(OH)�3 þ 3Hþ 0 -21.11

2Hg2+ + H2O = Hg2OH3+ + H+ 0.102a -3.08a

1.052a -2.82a

3.419 -2.67

3.503a -2.66a

3.503 -2.67
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Table 2 Equilibrium constants
for the formation of chloro
complexes of Hg2+ in NaClO4

media at 25�C (Powell et al.
2005)

a This study

Reaction I (molality) Log bi

Hg2+ + Cl- = HgCl+ 0.513 6.73

0.513 6.55

0.513 6.61

1.051 6.70

3.503 7.00

3.503 7.15

Hg2+ + 2Cl- = HgCl2 0.513 13.20

0.513 12.84

0.513 12.97

1.051 13.19

3.503 13.85

3.503 13.87

Hg2þ þ 3Cl� ¼ HgCl�3 0.513 13.84

0.513 13.94

0.513 13.84

0.513 14.02

0.513 13.80

1.051 14.17

1.051 14.13

2.212 14.34

3.503 14.87

3.503 14.54

3.503 14.86

Hg2þ þ 4Cl� ¼ HgCl2�4 0.513 14.88

0.513 14.93

0.513 14.88

0.513 14.83

1.051 15.10

1.051 15.16

2.212 15.33

3.503 15.78

3.503 16.07

3.503 15.76

Hg2+ + HgCl2(aq) = 2HgCl+ 0.513 0.255

0.513 0.26

0.513 0.255

1.051 0.22

3.503 0.57a

Hg2+ + Cl- + H2O = HgOHCl + H+ 3.503 4.12

HgCl2 + H2O = HgOHCl + Cl- + H+ 1.052 -9.56

3.503 -9.87
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The measured values of b�i are related to the thermodynamic values by

ln b1 ¼ ln b�1 þ ln cðHgOHþÞ þ ln cðHþÞ � ln cðHg2þÞ � ln aH2O ð9Þ

ln b2 ¼ ln b�2 þ ln cðHg(OH)2Þ þ 2 ln cðHþÞ � ln cðHg2þÞ � 2 ln aH2O ð10Þ

ln b3 ¼ ln b�3 þ ln cðHg(OH)�3 Þ þ 3 ln cðHþÞ � ln cðHg2þÞ � 3 ln aH2O ð11Þ

ln b2;1 ¼ ln b�2;1 þ ln cðHg2OH3þÞ þ ln cðHþÞ � 2 ln cðHg2þÞ ln aH2O ð12Þ

where cðiÞ is the activity coefficient of species i and aH2O is the activity of water in NaClO4

media which can be estimated from

aH2O ¼ expð�2m/=55:51Þ ð13Þ

m is the molality and / is the osmotic coefficient of NaClO4 at 25�C. The values of / have

been calculated from the Pitzer equation (Pitzer 1991)

/NaClO4
� 1 ¼� jZNaZClO4

j0:3915I0:5=ð1þ 1:2I0:5Þ þ ½2ðmNa mClO4
Þ1:5=mÞ�mB/

NaClO4

þ m2½2ðmNa mClO4
Þ1:5=mÞ�C/

NaClO4

ð14Þ

The value of m ¼ mNa þ mClO4
¼ 2 is the sum of the ionic species ðmiÞ; ZNa and Z‘ClO4

are the

charges on the ions Na+ and ClO�4 and I is the ionic strength (I = m, mol kg-1). The value

of B/
NaClO4

is given by

B/
NaClO4

¼ bð0ÞNaClO4
þ bð1ÞNaClO4

expð�2I0:5Þ ð15Þ

Solving for the unknown activity coefficients gives

�ln b1 þ ln cðHgOHþÞ ¼ �ln b�1 � ln cðHþÞ þ ln cðHg2þÞ þ ln aH2O ð16Þ

�ln b2 þ ln cðHg(OH)2Þ ¼ �ln b�2 � 2 ln cðHþÞ þ ln cðHg2þÞ þ 2 ln aH2O ð17Þ

�ln b3 þ ln cðHg(OH)�3 Þ ¼ �ln b�3 � 3 ln cðHþÞ þ ln cðHg2þÞ þ 3 ln aH2O ð18Þ

�ln b2;1 þ ln cðHg2OH3þÞ ¼ �ln b�2;1 � ln cðHþÞ þ 2 ln cðHg2þÞ þ ln aH2O ð19Þ

At low concentrations of Hg2+, the trace activity coefficients of H+, Hg2+, HgOH+,

Hg(OH)2, Hg(OH)�3 and Hg2OH3þ in a NaClO4 solution can be calculated from the Pitzer

equations (Pitzer 1991) as formulated by Millero and Pierrot (2002). We have

ln cðHþÞ ¼ f c þ 2mClO4
ðBHClO4

þ ECHClO4
Þ þ Rþ S

þ mNað2HHNa þ mClO4
WH�Na�ClO4

Þ ð20Þ

ln cðHg2þÞ ¼ 4f c þ 2mClO4
ðBHgClO4

þ ECHgClO4
Þ þ 4Rþ 2S ð21Þ

ln cðHgOHþÞ ¼ f c þ 2mClO4
ðBHgOH�ClO4

þ ECHgOH�ClO4
Þ þ Rþ S ð22Þ

ln cðHg(OH)�3 Þ ¼ f c þ 2mNaðBHgðOHÞ3�Na þ ECHgðOHÞ3�NaÞ þ Rþ S ð23Þ

ln cðHg2OH3þÞ ¼ 9f c þ 2mClO4
ðBHg2OH�ClO4

þ ECHg2OH�ClO4
Þ þ 9Rþ 3S ð24Þ

ln cðHg(OH)2Þ ¼ 2mNakHgðOHÞ2�Na þ mNamClO4
fHgðOHÞ2�ClO4�Na ð25Þ
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The value of HHNa is 0.036 (Pitzer 1979) while the WH�Na�ClO4
and kHgOH2�ClO4

are

assumed to be zero (Millero and Pierrot 2002).

The Debye–Hückel term, f c is given by

f c ¼ �A/½I1=2=ð1þ 1:2I0:5Þ þ ð2=1:2Þln ð1þ 1:2I0:5Þ� ð26Þ

where A/ ¼ 0:3915 at 25�C is given by Møller (1988) and I is the molal ionic strength. The

equivalent molality (E) and the ionic strength (I) are equal to the molality of the media.

The second (BMX) and third (CMX) virial coefficients for 1-1, 2-1, 3-1, 4-1 electrolytes

MX are given by

BMX ¼ bð0ÞMX þ ðb
ð1Þ
MX=2IÞ½1� ð1þ 2I0:5Þexpð�2I0:5Þ� ð27Þ

B0MX ¼ ðb
ð1Þ
MX=2I2Þ½�1þ ð1þ 2I0:5 þ 2IÞexpð�2I0:5Þ� ð28Þ

CMX ¼ C/
MX=ð2jZMZXj0:5Þ ð29Þ

The medium terms R and S in Eqs. 20–24 in NaClO4 are given by (Pitzer 1991)

R¼mNamClO4
B0NaClO4

¼mNamClO4
ðbð1ÞNaClO4

=2I2Þ½�1þð1þ 2I0:5þ 2IÞexpð�2I0:5Þ�g ð30Þ

S ¼ mNamClO4
CNaClO4

¼ mNamClO4
C/

NaClO4
=2 ð31Þ

The values of bð0ÞMX; bð1ÞMX and C/
MX for NaClO4, as well as HClO4 are taken from Millero

and Pierrot (2002). The values at 25�C are given in Table 3. The rearrangement of

equations yields a series of equations that can be used to determined the activity

coefficients ðciÞ of the ions and thermodynamic constants bi: In order to solve Eqs. 16–

19, one needs to estimate the activity coefficient of Hg(ClO4)2. Since the coefficients

were not available for Hg(ClO4)2, we have used the values for Pb(ClO4)2 (Pitzer 1979).

In order to justify this selection, the formation constants for mercury and the ionic

concentration dependence of lead chloride complexes (Luo and Millero 2007) in NaClO4

media are shown in Fig. 1 as a function of the square root of the ionic strength. The

effect of ionic strength between the two metal chloride complexes are in good agree-

ment indicating that ionic interactions of Pb(II) and Hg(II) ions and complexes are

similar.

By defining ln c (Ideal) as

ln cðIdealÞ ¼ Z2
i f c þ Z2Rþ jZjS ð32Þ

Table 3 The Pitzer coefficients for the hydrolysis and chloro complex formations in NaClO4 media at 25�C
in Eqs. 20–25 and 62–68

Electrolyte bð0ÞMX bð1ÞMX CMX

NaClO4 0.0554 0.2755 -0.00118

HClO4 0.1747 0.2931 0.00819

NaCl 0.0765 0.2664 0.00127

Hg(ClO4Þ
a
2 0.333225 1.722 -0.00884

a Values for Pb(ClO4)2 from Pitzer (1979)
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where Z is the charge and R and S are given by Eqs. 30 and 31, Eqs. 16–19 become

Y1 ¼� ln b�1 � ln cðHþÞ þ ln cðHg2þÞ þ ln aH2O � ln cðIdealÞ
¼ � ln b1 þ ln cðHgOHþÞ � ln cðIdealÞ ð33Þ

0.0 0.5 1.0 1.5 2.0

0.0 0.5 1.0 1.5 2.0

0.0 0.5 1.0 1.5 2.0

gol
β 1

6.0

6.5

7.0

7.5

8.0

Powell et al., 2007
Martell and Smith, 1982

PbCl+, Luo and Millero, 2007

gol
β 2

12.0

12.5

13.0

13.5

14.0

14.5

15.0

Powell et al., 2007
Martell and Smith, 1982
PbCl2, Luo and Millero, 2007

I 0.5

gol
β 3

13.0

13.5

14.0

14.5

15.0

15.5

16.0

Powell et al., 2007
Martell and Smith, 1982

PbCl3
-, Luo and Millero, 2007

Fig. 1 Values of mercury and
lead chloride stability constants
as a function of the square root of
ionic strength at 25�C (a) HgCl+,
(b) HgCl2, and (c) HgCl�3
species. The solid lines
correspond to the results for
the concentration effects on the
PbClð2�nÞþ

n species determined
by Luo and Millero (2007)
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Y1 ¼� ln b1 þ 2mClO4
bHgOH�ClO4

þ 2mClO4
f1b
ð1Þ
HgOH�ClO4

þ 2mNamClO4
CHgOH�ClO4

ð34Þ

The value of f1 is given by

f1 ¼ ½1� ð1þ 2I0:5Þexpð�2I0:5Þ�=ð2IÞ

The value of Y1 can be determined from the known quantities fb�1; cðHþÞ; cðHg2þÞ; aH2O,

c (Ideal) in NaClO4 solutions} and can be used to determine b1 and cðHgOHþÞ:
For the neutral species, a simpler equation can be used to determine the b2 and

cðHg(OH)2Þ from

Y2 ¼ �ln b�2 � 2 ln cðHþÞ þ ln cðHg2þÞ þ 2 ln aH2O ¼ �ln b2 þ ln cðHg(OH)2Þ ð35Þ

Y2 ¼ �ln b2 þ 2mNakHgOH2�Na þ 2mClO4
kHgOH2�ClO4

þ mNamClO4
fHgðOHÞ2�ClO4�Na ð36Þ

The values of kN�M and kN�X account for interactions of the neutral species with cation M

and anion X and fN�M�X with the interactions of N with M and X. The value of

kHgOH2�ClO4
is assumed to be zero for simplicity.

A nonlinear least-squares fit of the values of the left side of Eq. 36 as a function

of 2m and m2 yields the infinite dilution thermodynamic hydrolysis constant ðb2Þ
and the Pitzer parameters kHgOH2�Na and fHgðOHÞ2�ClO4�Na: The results are given in

Table 4.

The values of cðHg2þÞ can be used to determine b3 and ln cðHg(OH)�3 Þ from

Y3 ¼� ln b�3 � 3 ln cðHþÞ þ ln cðHg2þÞ þ 3 ln aH2O � ln cðIdealÞ
¼ �ln b3 þ ln cðHg(OH)�3 Þ � ln cðIdealÞ ð37Þ

Y3 ¼� ln b3 þ 2mNab
0
HgðOHÞ3�ClO4

þ 2mNaf1b
1
HgðOHÞ3�ClO4

þ 2mNamClO4
CHgðOHÞ3�ClO4

ð38Þ

Finally, the value of b2;1 and cðHg2OH3þÞ is determined from

Y4 ¼� ln b�2;1 � ln cðHþÞ þ 2 ln cðHg2þÞ þ ln aH2O � ln cðIdealÞ
¼ � ln b2;1 þ ln cðHg2OH3þÞ � ln cðIdealÞ ð39Þ

Y4 ¼� ln b2;1 þ 2mClO4
bð0ÞHg2OH�ClO4

þ 2mClO4
f1b
ð1Þ
Hg2OH�ClO4

þ 2mNamClO4
CHg2OH�ClO4

ð40Þ

The concentration dependency of ln bi þ ln cðiÞ are determined from Eqs. 20–25. This

results in the values of bi and the Pitzer coefficients bð0ÞMX; bð1ÞMX and CMX for all of the ionic

species and kij and fijk for the neutral species. These coefficients and log bi are tabulated in

Table 4 along with the standard error of the fits in log bi: Plots of the Yi values for Eqs. 33–

40 versus molality for HgOHð2�nÞþ
n (n = 1, 2, 4) in NaClO4 at 25�C are shown in Fig. 2.

The Hg(OH)�3 species was not analyzed due to the scarcity of experimental data for this

complex.
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2.2 Formation of Chloride Complexes

The chloro-complex equilibria for Hg are given by

Hg2þ þ Cl� ¼ HgClþ b�1 ¼ ½HgClþ�=½Hg2þ�½Cl�� ð41Þ

Hg2þ þ 2Cl� ¼ HgCl2 b�2 ¼ ½HgCl2�=½Hg2þ�½Cl��2 ð42Þ

Hg2þ þ 3Cl� ¼ HgCl�3 b�3 ¼ ½HgCl�3 �=½Hg2þ�½Cl��3 ð43Þ

Hg2þ þ 4Cl� ¼ HgCl2�
4 b�4 ¼ ½HgCl2�4 �=½H��½Cl��4 ð44Þ

Hg2þ þ HgCl2 ¼ 2HgClþ b�5 ¼ ½HgClþ�2=½Hg2þ�½HgCl2� ð45Þ

Hg2þ þ Cl� þ H2O ¼ HgOHClþ Hþ b�6 ¼ ½HgOHCl�½Hþ�=½Hg2þ�½Cl�� ð46Þ

HgCl2 þ H2O ¼ HgOHClþ Cl� þ Hþ b�7 ¼ ½HgOHCl�½Cl��½Hþ�=½HgCl2� ð47Þ

The measured values of b�i are related to the thermodynamic values by

ln b1 ¼ ln b�1 þ ln cðHgClþÞ � ln cðCl�Þ � ln cðHg2þÞ ð48Þ

ln b2 ¼ ln b�2 þ ln cðHgCl2Þ � 2 ln cðCl�Þ � ln cðHg2þÞ ð49Þ

ln b3 ¼ ln b�3 þ ln cðHgCl�3 Þ � 3 ln cðCl�Þ � ln cðHg2þÞ ð50Þ

ln b4 ¼ ln b�4 þ ln cðHgCl2�4 Þ � 4 ln cðCl�Þ � ln cðHg2þÞ ð51Þ

ln b5 ¼ ln b�5 þ 2 ln cðHgClþÞ � ln cðHgCl2Þ � ln cðHg2þÞ ð52Þ

ln b6 ¼ ln b�6 þ ln cðHgOHClÞ þ ln cðHþÞ � ln cðCl�Þ � ln cðHg2þÞ � ln aH2O ð53Þ

ln b7 ¼ ln b�7 þ ln cðHgOHClÞ þ ln cðCl�Þ þ ln cðHþÞ � ln cðHgCl2Þ � ln aH2O ð54Þ

I (mol/kg H2O)

0 4

Y
i

-16

-14

-12

-10

-8

-6

Y1

Y2

Y4

1 2 3

Fig. 2 Values of Yi determined from Eqs. 33, 35 and 39 as a function of the ionic strength of NaClO4

at 25�C. (Y1 for HgOH+, Y2 for Hg(OH)2, and Y4 for Hg2OH3þ species). Y3 for Hg(OH)�3 could not be
determined at the present time due to a scarcity of data
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Solving for the unknown activity coefficients give

�ln b1 þ ln cðHgClþÞ ¼ �ln b�1 þ ln cðCl�Þ þ ln cðHg2þÞ ð55Þ

�ln b2 þ ln cðHgCl2Þ ¼ �ln b�2 þ 2 ln cðCl�Þ þ ln cðHg2þÞ ð56Þ

�ln b3 þ ln cðHgCl�3 Þ ¼ �ln b�3 þ 3 ln cðCl�Þ þ ln cðHg2þÞ ð57Þ

�ln b4 þ ln cðHgCl2�4 Þ ¼ �ln b�4 þ 4 ln cðCl�Þ þ ln cðHg2þÞ ð58Þ

�ln b5 þ 2 ln cðHgClþÞ � ln cðHgCl2Þ ¼ �ln b�5 þ ln cðHg2þÞ ð59Þ

�ln b6 þ ln cðHgOHClÞ ¼ �ln b�6 þ ln cðCl�Þ � ln cðHþÞ þ ln cðHg2þÞ þ ln aH2O ð60Þ

�ln b7 þ ln cðHgOHClÞ ¼ �ln b�7 � ln cðCl�Þ � ln cðHþÞ þ ln cðHgCl2Þ þ ln aH2O ð61Þ

The trace activity coefficients of H+ (Eq. 20), Cl- and mercury-chloro complexes and

activity of water (Eq. 13) in a NaClO4 solution can be calculated from the Pitzer equations

(Pitzer 1991) as formulated by Millero and Pierrot (2002). We have

ln cðCl�Þ ¼ f c þ 2mNaðBNaCl þ ECNaClÞ þ Rþ S

þ mClO4
ð2HCl�ClO4

þ mNa WCl�Na�ClO4
Þ ð62Þ

ln cðHg2þÞ ¼ 4f c þ 2mClO4
ðBHgClO4

þ ECHgClO4
Þ þ 4Rþ 2S ð63Þ

ln cðHgClþÞ ¼ f c þ 2mClO4
ðBHgCl�ClO4

þ ECHgCl�ClO4
Þ þ Rþ S ð64Þ

ln cðHgCl�3 Þ ¼ f c þ 2mNaðBNa�HgCl3 þ ECNa�HgCl3Þ þ Rþ S ð65Þ

ln cðHgCl2�4 Þ ¼ f c þ 2mNaðBNa�HgCl4 þ ECNa�HgCl4Þ þ 4Rþ 2S ð66Þ

ln cðHgCl2Þ ¼ 2mNakHgCl2�Na þ mNamClO4
fHgCl2�ClO4�Na ð67Þ

ln cðHgOHClÞ ¼ 2mNakHgOHCl�Na þ mNamClO4
fHgOHCl�ClO4�Na ð68Þ

The value of kHgCl2�ClO4
and kHgOHCl�ClO4

are assumed to be zero (Millero and Pierrot

2002).

Following the same assumption for the hydrolysis constants, the activity coefficient

for Hg(ClO4)2 species was assumed that for Pb(ClO4)2 from Pitzer (1979). Eqs. 55–60

become

Y1 ¼� ln b�1 þ ln cðCl�Þ þ ln cðHg2þÞ � ln cðIdealÞ
¼ � ln b1 þ ln cðHgClþÞ � ln cðIdealÞ ð69Þ

Y1 ¼ �ln K1 þ 2mClO4
bð0ÞHgCl�ClO4

þ 2mClO4
f1b
ð1Þ
HgCl�ClO4

þ 2mNamClO4
CHgCl�ClO4

ð70Þ

The same treatment is applicable for the determination of the formation constants and

activity coefficients for the other charged species

Y3 ¼� ln b�3 þ 3ln cðCl�Þ þ ln cðHg2þÞ � ln cðIdealÞ
¼ � ln b3 þ ln cðHgCl�3 Þ � ln cðIdealÞ ð71Þ

Y3 ¼ �ln b3 þ 2mNab
ð0Þ
HgCl3�Na þ 2mNaf1b

ð1Þ
HgCl3�Na þ 2mNamClO4

CHgCl3�Na ð72Þ
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Y4 ¼� ln b�4 þ 4 ln cðCl�Þ þ ln cðHg2þÞ � ln cðIdealÞ
¼ � ln b4 þ ln cðHgCl2�4 Þ � ln cðIdealÞ ð73Þ

Y4 ¼ �ln b4 þ 2mNab
ð0Þ
HgCl4�Na þ 2mNaf1b

ð1Þ
HgCl4�Na þ 2mNamClO4

CHgCl4�Na ð74Þ

For the neutral species, a simpler equation can be used to determine the b2 and b7 and

cðHgCl2Þ and c(HgOHCl) from

Y2 ¼ �ln b�2 þ 2 ln cðCl�Þ þ ln cðHg2þÞ ¼ �ln b2 þ ln cðHgCl2Þ ð75Þ

Y2 ¼ �ln b2 þ 2mNakHgCl�Na þ mNamClO4
fNa�ClO4�HgCl2

ð76Þ

Y7 ¼� ln b�6 � ln cðCl�Þ � ln cðHþÞ þ ln cðHgCl2Þ þ ln aH2O

¼� ln b7 þ ln cðHgOHClÞ ð77Þ

Y7 ¼ �ln b7 þ 2mNakHgOHCl�Na þ mNamClO4
fHgOHCl�ClO4�Na ð78Þ

The values of cðHgCl2Þ; cðHgCl�Þ and c (HgOHCl) can be used to determine b5 and b6 for

reactions (45) and (46). According to Eq. 51, the values of log b5 for reaction (45) were

computed to be 0.50 ± 0.03 (Table 4). In order to be internally consistent, the experi-

mental value of log b� for reaction (45) at I = 3.503 is 0.57 ± 0.01 instead of the reported

0.17 ± 0.01 (Powell et al. 2005).

The concentration dependency of �ln bi þ ln cðiÞ is determined from Eqs. 62–68. This

results in the values of bi and the Pitzer coefficients bð0ÞMX; bð1ÞMX and CMX for all of the ionic

species and kij and fijk for the neutral species. The experimental values are well fitted by

considering only the bð0ÞMX and the CMX terms. These coefficients and ln bi are tabulated in

Table 4 along with the standard error of the fits in log bi: Plots of the Yi values determined

for each chloro complex versus molality in NaClO4 media are shown in Fig. 3. The

reliability of these parameters can be demonstrated by comparing the measured and

calculated values of b� for the formation of HgiCl
ð2�nÞþ
j complexes. The differences of log

b�n are shown in Fig. 4. The average deviation for all the seven constants is ±0.01.

The scarcity of data for the reactions (46) and (47) as a function of concentration makes

it impossible to compute the value of fHgOHCl�ClO4�Na; being fitted to the Pitzer coefficient

I (mol/kg H 2O)

0 1 2 3 4

Yi

-20

-10
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Fig. 3 Values of Yi determined
following Eqs. 69, 71, 73, 75 and
77 as a function of the ionic
strength of NaClO4 at 25�C.
(Y1 for HgCl+, Y2 for HgCl2, Y3

for HgCl�3 and Y7 for HgOHCl
species)
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kHgOHCl�Na: However, a value of log b� for reaction (46) at 1.052 m NaClO4 of 3.67 was

determined by Ciavatta and Grimaldi (1968) and reported by Baes and Mesmer (1976).

The inclusion of this value allowed us to compute log b6 for reaction (46) of 4.17 and a

value of kHgOHCl�Na ¼ �0:2432; similar to the values computed from reaction (47)

applying Eqs. 77 and 78 (Table 4). With those data, log b7 for reaction (47) can be

computed from Eq. 61 to be -9.71, similar to the value determined (Table 4) using the

data for the formation of HgClOH (Table 2) for reaction (47), confirming the consistency

of our calculations.

Table 5 compares the thermodynamic constants determined using the Pitzer equation

with those tabulated by Powell et al. (2005). Our results are in reasonable agreement with

the extrapolations made by Powell et al. (2005). The Pitzer parameters provided in this

study can be used to calculate the hydrolysis and chloride complexes of Hg(II) in NaClO4

media from ionic strengths from 0 to 3.5 m at 25�C.

I (m)

0 1 2 3 4

∆
 gol 
β i*

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

β1

β2

β3

β4

β5

β6

β7

Fig. 4 The differences between the measured and fitted values of log b�n for HgOHmClð2�n�mÞþ
n species as a

function of ionic strength at 25�C in NaClO4 media

Table 5 A comparison of
thermodynamic constants ðlog biÞ
(I = 1, 2, …, n) extrapolated
using Pitzer equations in this
study with data provided in
Powell et al. (2005) at 25�C

a Baes and Mesmer (1976)

Our study Powell et al. (2005)

Log bHgOH -3.39 ± 0.08 -3.40 ± 0.08

Log bHgðOHÞ2 -5.92 ± 0.03 -5.98 ± 0.06

Log bHg2ðOHÞ -3.33 ± 0.03 -3.33 ± 0.03a

Log bHgCl 7.07 ± 0.09 7.31 ± 0.04

Log bHgCl2
13.62 ± 0.15 14.00 ± 0.09

Log bHgCl3
14.55 ± 0.13 14.92 ± 0.09

Log bHgCl4
15.74 ± 0.12 15.51 ± 0.12

Log bHgOHCl -9.71 ± 0.08 -9.92 ± 0.02

Log bHgOHCl 4.24 ± 0.11 4.27 ± 0.35

Log bHgOH 0.50 ± 0.03 0.61 ± 0.12
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2.3 Effect of Temperature on the Activity Coefficients and Thermodynamic Constants

Luo and Millero (2007) provided stability constants for the Pb(II)-chloride systems over a

wide range of ionic strength (0–6 m) and temperature (15–45�C). Since the equilibrium

constants and activity coefficients of HgClð2�nÞþ
n at different ionic strengths are in reasonable

agreement with values for Pb(II), we have assumed that the temperature dependence of the

Pitzer parameters for lead chloride complexes can be used for the Hg(II) chloride com-

plexes. We realize that this is highly speculative, but feel that is the best that can be done at

the present time. New experimental measurements for the effect of temperature on the

Hg(II) chloride complexes are needed to provide more reliable estimates. In order to obtain

expressions for the effect of temperature on the Pitzer parameter for Pb(II) chloride com-

plexes, we have reanalyzed the published data of Luo and Millero (Table 1, 2007).

Table 7 Pitzer parameters for Pb(II) chloride complexes as a function of temperature according to Eq. 84
in the range 15–45�C and corresponding values for Hg(II) chloride complexes

Complex Parameters Ai Bi C

PbCl+ bð0ÞPbCl�ClO4
0.097 10.93

-0.109a

CPbCl-ClO4 0.023 -8.10

0.055a

bð0ÞPbCl�Cl -4.93 � 103 2.25 � 105 1.69 � 103

CPbCl-Cl 1.26 � 104 -5.75 � 105 -4.34 � 103

PbCl2 kPbCl2�ClO4
-2.58 805

kPbCl2�Na -3.55 � 103 1.57 � 105 1.22 � 103

-3.55 � 103a

fPbCl2�ClO4�Na 0.015 4.82

0.211a

fPbCl2�Cl�Na 1.09 � 104 -4.84 � 105 -3.74 � 103

PbCl�3 bð0ÞPbCl3�Na -450.3 2.02 � 104 -154.6

-450.1a

CPbCl3�Na -89.3 4.00 � 103 30.6

-89.2a

a Value determined for HgClð2�nÞþ
n in Eq. 84

Table 6 Fitting parameters for the PbClð2�nÞþ
n stability constants as a function of temperature (Eq. 83)

considering data from Luo and Millero (2007) for the 15–45�C range and together with results from Seward
(1984) for the range 15–300�C

Stability constant T (�C) Ai 10-3 � Bi Ci Std. Ai for HgClð2�nÞþ
n

log b1 15–45 -152.3 6.47 53.37 ±0.01 -146.7

15–300 -104.3 4.90 36.09 ±0.07 -98.7

log b2 15–45 -3.50 -0.51 2.90 ±0.01 8.14

15–300 -160.1 7.28 55.66 ±0.13 -148.5

log b3 15–45 -94.46 3.69 33.91 ±0.01 -81.7

15–300 -183.2 8.29 63.52 ±0.32 -170.4

Ai values for HgClð2�nÞþ
n in Eq. 83 is also included
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The equations needed to determine the activity coefficient and thermodynamic constants

for the Pb(II) complexes in a NaCl–NaClO4 media are given by Luo and Millero (2007).

The value of the activity coefficient for the PbCl+ complex in a NaCl–NaClO4 media is

given by

ln cðPbClþÞ ¼ f c þ 2mClO4
ðBPbCl�ClO4

þ mClO4
CPbCl�ClO4

Þ
þ 2mClðBPbCl�Cl þ mClCPbCl�ClÞ þ Rþ S ð79Þ

where R and S are the media terms

R ¼ mNamClO4
B0NaClO4

þ mNamClB
0
NaCl ð80Þ

S ¼ mNamClO4
CNaClO4

þ mNamClCNaCl ð81Þ
The rearrangement of Eq. 79 as shown in Eq. 70 gives
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Fig. 5 The differences between
the measured and fitted values of
the left side of Eq. 82 for PbCl+

complex and for PbCl2 and
PbClþ3 complexes versus molality
in NaClO4–NaCl media at 15, 25,
35 and 45�C
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YPbCl � ln cðIdealÞ þ ln bPbCl ¼�ln b�1 þ ln cðCl�Þ þ ln cðPb2þÞ � ln cðIdealÞ þ ln bPbCl

¼ 2mClO4
bð0ÞPbCl�ClO4

þ 2mClO4
bð1ÞPbCl�ClO4

f1 þ 2m2
ClO4

CPbCl�ClO4

þ2mClb
ð0Þ
PbCl�Cl þ 2mClb

ð1Þ
PbCl�Clf1 þ 2m2

ClCPbCl�Cl

ð82Þ

We have used these equations to determine the effect of temperature on the thermodynamic

constants and Pitzer parameters for all measurements.

Our new extrapolations, for the thermodynamic values derived from Luo and Millero

(2007) together with results from Seward (1984) for the range 25–300�C, have been fitted

to a general equation

log bi ¼ Ai þ Bi=T þ Ci log T ð83Þ

The fitting parameters for the PbClð2�nÞþ
n stability constants are shown in Table 6. If we

assume that the temperature dependence for Hg-Cl complexes are the same as for Pb(II),

values for the Ai term in Eq. 83 for HgCl+, HgCl2 and HgCl�3 complexes are -146.7, 8.14

and -81.73, respectively, in the temperature range 15–45�C (Table 6).

These equations and parameters in Table 6 fit the thermodynamic constants for mercury

complexes with Cl- at 25�C and should predict reliable stability constants in the to 300�C

range.

The experimental values for the PbCl+ Pitzer parameters as a function of temperature

have been fit to equations of the form

Log YMX ¼ Aþ B=T þ C log T ð84Þ

The coefficients A, B and C for the Pitzer parameters for the various ion pairs are given in

Table 7. The coefficients needed to fit the Pitzer parameters were determined using an

F-test. The reliability of these parameters describing the temperature effects on the Pitzer

coefficients for the three Pb(II)-chloride complexes can be demonstrated by comparing the

measured and calculated values of the left-hand side of Eq. 82. The differences are shown

in Fig. 5. The average deviations are ±0.07, ±0.07 and ±0.11, respectively for the

temperature range 15–45�C.
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