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Abstract The thermodynamic stability constants for the hydrolysis and formation of
mercury (Hg>*) chloride complexes

Hg>* 4 nH,0 = Hg(OH)>* 4 nHY B,
Hg®* +nCl~ = HgCI® ™+ p.

n

have been used to calculate the activity coefficients for Hg(OH)E,z”‘)+ and Hgle,z’")+
complexes using the Pitzer specific interaction model. These values have been used to
determine the Pitzer parameters for the hydroxide and chloro complexes ( f\%, ,va][{ and
Cwmr). The values of /; and { ;i have been determined for the neutral complexes (Hg(OH),
and HgCl,). The resultant parameters yield calculated values for the measured values of
log f* to £0.01 from I = 0.1 to 3 m at 25°C. Since the activity coefficients of
Hg(OH)ﬁlz’”>+ and HgClSlzf”>+ are in reasonable agreement with the values for Pb(Il), 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 Pblelz’”)+ complexes. The resulting
parameters can be used to examine the speciation of Hg(I) with C1™ 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
(Hg"), 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 Hg%*, 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(Il) is observed at pH over 1 and must be considered in all equilibrium
studies of Hg**-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(Il) 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 CI~ and OH™ using data from the
TUPAC Stability Constants database, SC-Database, at 25°C and perchlorate media. These
hydrolysis equilibria are given by the general equation

Hg>" + nH,0 = Hg(OH)>"* 4 nH* (1)
where the values of f3; are given by
fi = [Hg(OH)F"*]H"]"/[Hg™'] (2)
The chloro complexes equilibria in NaClO4 media are given by the general equation
Hg>" + nCl~ = HgC1?—"+ (3)
where the values of f3; are given by
p'i = [HeClZ "]/ [Hg* [CI7]" (4)

The recommended values of log f* for chemical speciation modelling of Hg** and
OH™ and CI™ ligands are presented in Tables 1 and 2. Powell et al. (2005) have extrap-
olated the measured stability constants to an ionic strength of / = 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 O to 3.5 m NaClO, media at 25°C These values
have been u@ed to determine Pitzer interaction parameters X, ﬁMg( and Cvx)
for Hg(OH)ﬁf "+ and HgCl,(,2 "+ complexes (where BMX and BMSVI account for cation
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Table 1 Equilibrium constants

for the hydrolysis of Hg>" in Reaction I (molality) Logf;
gag%(‘)gd'a at 25°C (Powell - o2+ | 10 = HgOH® + H* 0.102° —3.60°
0.513 —3.69
0.513 —3.67
1.052 -3.82
1.052 —3.63
3.419 —3.43
3.503 -33
3.503 —3.48
3.503 —3.51
3.503 —3.41
Hg** + 2H,0 = Hg(OH), + 2H" 0.102% —6.12%
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
Hg?™ + 3H,0 = Hg(OH); + 3H* 0 —21.11
2Hg** + H,O = Hg,OH*>" + H* 0.102* —3.08*
1.052° —2.82°
3.419 —2.67
3.503% —2.66"
3.503 —2.67

% Baes and Mesmer (1976)

(M)-anion (X) interactions and Cyx 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

Hg’* +H,0 =HgOH' + H'  p; = [HgOH'|[H']/[Hg""] ®)
Hg> +2H,0 = Hg(OH), + 2H"  f; = [Hg(OH),][H")?/[Hg>"] (6)
Hg?" + 3H,0 = Hg(OH); +3HT  f} = [Hg(OH); ][H']/[Hg>"] (7)
2Hg™" + H,0 = He,OH'" +H"  f3, = [Hg,OH"|H']/[Hg™ " (8)
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Table 2 Equilibrium constants

for the formationzof chloro Reaction I (molality) Logf;
.
A ol o e 1 = et
2005) 0.513 6.55
0.513 6.61
1.051 6.70
3.503 7.00
3.503 7.15
Hg?* + 2C1~ = HgCl, 0.513 13.20
0.513 12.84
0.513 12.97
1.051 13.19
3.503 13.85
3.503 13.87
Hg?™ + 3C1~ = HgCly 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
2212 14.34
3.503 14.87
3.503 14.54
3.503 14.86
Hg>* 4 4Cl~ = HgCl3~ 0.513 14.88
0.513 14.93
0.513 14.88
0.513 14.83
1.051 15.10
1.051 15.16
2212 15.33
3.503 15.78
3.503 16.07
3.503 15.76
Hg** + HgCly(aq) = 2HgCl* 0.513 0.255
0.513 0.26
0.513 0.255
1.051 0.22
3.503 0.57*
Hg** + CI” + H,0 = HgOHCI + H* 3.503 4.12
HgCl, + H,0 = HgOHCI + CI™ + H* 1.052 —9.56
3.503 —9.87

? This study
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The measured values of 8} are related to the thermodynamic values by

InB, =Inf; +Iny(HGOH") + Iny(H") — Iny(Hg*") — Inap,o 9)
Infy = In 5 + Iny(Hg(OH),) + 2 Iny(H') — Iny(Hg*") — 2Inan,o (10)
In B3 = In B} + Iny(Hg(OH); ) + 3Iny(H") — Iny(Hg*") — 3 Inan,o0 (11)
Infy; =Inp;, +In 7(Hg,OH*") + Iny(H) — 21Iny(Hg*") Inap,0 (12)

where (i) is the activity coefficient of species i and ap,o is the activity of water in NaClO,4
media which can be estimated from

an,0 = exp(—2m¢/55.51) (13)

m is the molality and ¢ is the osmotic coefficient of NaClOy at 25°C. The values of ¢ have
been calculated from the Pitzer equation (Pitzer 1991)

Iracio, = 1 == [ZnaZci0, 039151/ (1 + 1.21°%) + 2(va varo,) /v)mBYicro, (14)
+m? [2(VNa vc1o4)l'5/ ")}Cfgaao‘,

The value of v = vn, + Veaio, = 2 is the sum of the ionic species (v;), Zna and Zcio, are the
charges on the ions Na™ and C1O; and [ is the ionic strength (I = m, mol kg™ '). The value
of Bff}aao4 is given by

b (0) (1 0.
BI((IaCIO4 = Bracio; T Bracio,€Xp(—21 %) (15)

Solving for the unknown activity coefficients gives

—Inf; +Iny(HgOH") = —In B} — Iny(H") + Iny(Hg*") + Inan,o (16)

—In B, + Iny(Hg(OH),) = —In f5 — 2Iny(H") + Iny(Hg*") + 2Inay,o  (17)
~In B3 + Iny(Hg(OH); ) = —In 5 — 3Iny(H") + Iny(Hg*") + 3Inap,o (18)
—Inp,; +1n 7(Hg,OH*") = —In B>y —Iny(H") +2In y(Hg*") + Inap,o (19)

At low concentrations of Hg?*, the trace activity coefficients of H*, Hg>*, HgOH",
Hg(OH),, Hg(OH); and Hg,OH*" in a NaClO, solution can be calculated from the Pitzer
equations (Pitzer 1991) as formulated by Millero and Pierrot (2002). We have

Iny(H") = f7 + 2mcio,(Bucio, + ECucio,) + R+ S

+ mNa (2@nNa + mcio, Yr-Na—ci0,) (20)

Iny(Hg*") = 47 + 2mcio, (Bugcio, + ECugcio,) + 4R + 28 (21)
Iny(HgOH") = 7 + 2mcio, (Bugon-cio, + EChgon-—cio,) + R + S (22)
Iny(Hg(OH); ) = f7 + 2mna(Bug(on),~Na + EChg(0n),Na) + R+ S (23)
Iny(Hg,OH™") = 9f” + 2mcio, (Bug,ou—cio, + EChg,on-cio,) + 9R + 38 (24)
Iny(Hg(OH),) = 2mNalug(on), Na + MNamcio, CHg(OH), €O, —Na (25)
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The value of ®Oyn, is 0.036 (Pitzer 1979) while the Wh_na—cio, and ZApgon,—cio, are
assumed to be zero (Millero and Pierrot 2002).
The Debye—Hiickel term, f7 is given by

F1= A2 (14 1200%) 4 (2/1.2)In (1 + 1.21°9)] (26)

where A? = 0.3915 at 25°C is given by Mgller (1988) and [ is the molal ionic strength. The
equivalent molality (E) and the ionic strength (/) are equal to the molality of the media.

The second (Byx) and third (Cyx) virial coefficients for 1-1, 2-1, 3-1, 4-1 electrolytes
MX are given by

Buix = Btk + (Bax/2D)[1 — (1 +21°%)exp(—21°%)] (27)
Blyx = (BUk/21%)[=1 + (1 4 21°° 4 2I)exp(—21°9)] (28)
Cuix = Chix/ (21ZmZx|*) (29)

The medium terms R and S in Egs. 20-24 in NaClO, are given by (Pitzer 1991)
R = myameio, Bygcio, = mamcio, (Bacio, /207)[=1+ (1+21° + 2Dexp(=21")]} - (30)

]
S = myamcio, Cnacio, = Mnammcio, Cxacio, /2 (31)

The values of ﬂl(\%(, [ifvl& and Cf&x for NaClOy, as well as HC1O, 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 (y;) of the ions and thermodynamic constants f3;. In order to solve Egs. 16—
19, one needs to estimate the activity coefficient of Hg(ClO,4),. Since the coefficients
were not available for Hg(ClO,4),, we have used the values for Pb(ClO,), (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(I) ions and complexes are
similar.
By defining In y (Ideal) as

In y(Ideal) = Z*f" + Z*R + |Z|S (32)

Table 3 The Pitzer coefficients for the hydrolysis and chloro complex formations in NaClO4 media at 25°C
in Egs. 20-25 and 62-68

(0) (1)

Electrolyte MX MX Cnix

NaClO, 0.0554 0.2755 —0.00118
HCIO, 0.1747 0.2931 0.00819
NaCl 0.0765 0.2664 0.00127
Hg(C10,); 0.333225 1.722 —0.00884

* Values for Pb(ClOy), from Pitzer (1979)
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Fig. 1 Values of mercury and
lead chloride stability constants
as a function of the square root of
ionic strength at 25°C (a) HgCI",
(b) HgCl,, and (¢) HgCly
species. The solid lines
correspond to the results for

the concentration effects on the
PbCI>™* species determined
by Luo and Millero (2007)
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where Z is the charge and R and S are given by Egs. 30 and 31, Egs. 16-19 become

Yi = —Inf; —Iny(H") + Iny(Hg") + Inap,0 — Iny(Ideal)
= —1Inp; +Iny(HgOH") — In y(Ideal) (33)
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1
Yy = —In B + 2mcio, Bugon-cio, + 2mcio,fi ﬁ;—lg)OH—CIO4 (34)

+ 2myamcio, Cugon-clo,

The value of f; is given by
fr = 11— (14 21%)exp(-21°7)] /(21)

The value of ¥; can be determined from the known quantities {f}, y(H"), y(Hg*"), an,o,
y (Ideal) in NaClO, solutions} and can be used to determine f8; and y(HgOH™).

For the neutral species, a simpler equation can be used to determine the f5, and
7(Hg(OH),) from

Y, = —Inf; —2Iny(H") +Iny(Hg*") + 2Inay,o = —In B, + Iny(Hg(OH),)  (35)
Yy = —In B, + 2mNa/HgoH, -Na + 2Mci0, AHgoH, 10, + MNaMc10, CHg(OH),~CI0,—Na  (36)

The values of /n_ym and /n_x account for interactions of the neutral species with cation M
and anion X and (N_p_x Wwith the interactions of N with M and X. The value of
AHgOH,—Cl0, 18 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 m? yields the infinite dilution thermodynamic hydrolysis constant (f,)
and the Pitzer parameters Apgon,-Na. and gHg(OH)z—ClO4—Na- The results are given in
Table 4.

The values of y(Hg*") can be used to determine f; and In y(Hg(OH); ) from

=—1Inp; —3Iny(H") + Iny(Hg*") + 3Inam,o — Iny(Ideal)

= —In fi; + Iny(Hg(OH); ) — In y(Ideal) (37)
Y3 =—1np; + 2mNaﬁ%g(0H)37C1O4 + 2mnafi ﬁll{g(omram
+ 2mNamcio, Chg(on), —clo, (38)

Finally, the value of f3,; and 7(Hg,OH*") is determined from

=—Inp;, —Inp(H") + 2Iny(Hg*") + Inay,o — Iny(Ideal)

—InpB,, + Iny(Hg,OH*) — Iny(Ideal) (39)
0 1
Yy=—1Inp,; + 2mcio, ﬁl({gLOH—am + 2mcio,fi ﬁ;—[g>20H—C104
+ 2mnamcio, Chg,0H-clo, (40)

The concentration dependency of In f§; +Iny(;) are determmed from Egs. 20-25. This
results in the values of f8; and the Pitzer coefficients BM;O ﬁMX and Cyx for all of the ionic
species and 4; and {;; for the neutral species. These coefficients and log f; are tabulated in
Table 4 along with the standard error of the fits in log f;. Plots of the Y; values for Egs. 33—
40 versus molality for HgOH (2=m+ (n =1, 2, 4) in NaClOy at 25°C are shown in Fig. 2.
The Hg(OH); species was not analyzed due to the scarcity of experimental data for this
complex.

@ Springer



347

Aquat Geochem (2007) 13:339-355

YOID—I03H
0 q

(9%) uonoear 10y ¢ Sof Andwod 0) pasn a1om / b 10§ pouruwrejep *N-IOHOSHY jo sonfep |,

() uonoear 10y ¢ So0[ ayeWNSI 0] pasn arom [ "bF woiy vo_uw_omzb pue

LS00 = "NV
TLLOO = "NEOTH

LL200 = vO_U\_Uw:.,u
0610°0— = O_U\IOwID
06¥0°0— = wO_U\IOmID

0= EN—YOID—IDHO3HY
P,

0= azLo_uu_u:OmV:U
W6h10— = az\ﬁo_ukﬁmovwmm
BN—"OID—IDHOSHY

L9720 = nzwqo_uL_uM:w

6£9¢€ = O HOHy
Tepe = O THOMHy

KEQ

XN
:vn

€00 F 050 (S¥ "baA) 4, I08H
LS61°0— = "NTIDHOHy 110 F T (9% 'ba) IDHOSH
LS61°0— = "NTIDHOHy 80°0 F IL'6— (¥ b3 IDHOSH
§€T0'0— = "™N-THOHy €00 F T6'S— (HO)3H
nzw_u_._om:,m
68pE0— = NPy U0 F ¥LST _N0%H
TL6€0— = Ny €10 F SSvl f108H
00§9:0— = "N-UHy SI'0 F ¢9°€l YO%H
61€L0°0— = ORIy 600 F LOL L108H
§9gg70 = OPHOTHy €ee— +HOSH
888070 = 'O HOMy 80°0 F 6£€— +HOBH
VM%Q 'd o1 punodwo)

u

DoST 1e 'Ipawl YOQIDEN ur saxo[dwoo apuo[yo pue sisA[oIpAy Amorowr 1oy s1ejowrered 10z)1g
u

yim 1oypa80) xapdwod [DHOSH 2y 10J pue (¢ ‘7] = u) i:w%UmI J10J syueIsuod Apiqels ‘(g ‘1 = u) i:wsfovmm 10J SJUBISUOD SISA[OIPAY Q) JO SALIBWWNSG  § QR

pringer

As



348 Aquat Geochem (2007) 13:339-355
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Fig. 2 Values of Y; determined from Eqgs. 33, 35 and 39 as a function of the ionic strength of NaClO,
at 25°C. (Y, for HgOH", Y, for Hg(OH),, and Y, for Hg20H3+ species). Y3 for Hg(OH); could not be

determined at the present time due to a scarcity of data

2.2 Formation of Chloride Complexes

The chloro-complex equilibria for Hg are given by
Hg’" +CI" =HgCl" ) = [HgCI"]/[Hg*"][CI"]
Hg** +2CI” = HgCl,  f; = [HgCl,)/[Hg*"][CI ]
Hg™* +3CI" =HgCl; ;= [HeCly|/[Hg™"[C1 ]
Hg*" +4CI" =HgCl;™  f; = [HeCLy |/[H7][CI]
Hg®" + HgCl, = 2HgCl"  f5 = [HeCI™]/[Hg*"][HeCly]
Hg”" + ClI” + H,0 = HgOHCI + H"  f = [HgOHCI|[H"]/[Hg*"][C1"]
HgCl, + H,O = HgOHCI + Cl~ +H"*  f7 = [HgOHCI|[Cl™ |[H"]/[HgCl,]
The measured values of i are related to the thermodynamic values by
In B, = Inf} + Iny(HgCI") — Iny(CI™) — Iny(Hg*")
In B, = In B + Iny(HeCl,) — 2Iny(Cl™) — Iny(Hg*")
In B3 = In B + Iny(HeCly) — 31Iny(Cl") — Inp(Hg*")
InB, = Inf; +Iny(HgCl2") — 41ny(Cl™) — Iny(Hg>")
In s = In B + 2Iny(HgCl") — Iny(HgCl,) — Iny(Hg*")
In B¢ = In B + Iny(HgOHCI) + Iny(H') — Iny(Cl") — Inp(Hg*") — Inam,o0
InB; = In 5 + Iny(HgOHCI) + Iny(C17) + Iny(H") — Iny(HgCl,) — Inay,o
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Solving for the unknown activity coefficients give

—Inf; + Iny(HgCl") = —In B} + Inp(C17) + Iny(Hg*") (55)

~In f, + Iny(HgCl,) = —In f; + 21ny(Cl™) + Iny(Hg*") (56)

—In 5 + Iny(HgCly) = —In B + 31Inp(Cl7) + Inp(Hg*") (57)

~In B, + Iny(HgCl3™) = —In B +41ny(C17) + Iny(Hg*") (58)

~In fis + 2Iny(HgCl™) — Iny(HgCl,) = —In B + Iny(Hg*") (59)

~In B¢ + Iny(HgOHCI) = —In & + Iny(C17) — Iny(H) + Iny(Hg*") + Inan,o (60)
—In B; + Iny(HgOHCI) = —In 5 — Inp(C1™) — Inp(H") + Iny(HgCl,) + Inay,o (61)

The trace activity coefficients of H" (Eq. 20), Cl~ and mercury-chloro complexes and
activity of water (Eq. 13) in a NaClOy solution can be calculated from the Pitzer equations
(Pitzer 1991) as formulated by Millero and Pierrot (2002). We have

Iny(C17) = f7 + 2mya(Bnaci + ECnacl) + R+ S

+ mcio0,(2@ci-cio, + mNa Pc1-Na—ci0,) (62)

Iny(Hg*") = 4f7 + 2mcio, (Bugcio, + EChgcio,) + 4R + 28 (63)
Iny(HgCl") = f7 + 2mcio, (Bugci—cio, + EChgci—cio,) + R+ S (64)
Iny(HgCly) = f7 + 2mna(Bra-ngcl, + ECNa-ngcr,) + R+ S (65)
Iny(HgCly™) = f + 2mna(BNa—necia + ECna—pgci4) + 4R + 28 (66)
Iny(HgCl,) = 2mNa/ngcr,—Na + MNamci0, CHeCl,—Cl0,—Na (67)

In y(HgOHCI) = 2mnqAngoHC1-Na + MNa/C10, CHgOHCI-CIO, —Na (68)

The value of Aggci,—clo, and Apgonci—cio, are assumed to be zero (Millero and Pierrot
2002).

Following the same assumption for the hydrolysis constants, the activity coefficient
for Hg(ClO,4), species was assumed that for Pb(ClOy,), from Pitzer (1979). Eqs. 55-60
become

Y1 = —1Inf; +Iny(Cl") +Iny(Hg*") — Iny(Ideal)
= —1InB; +Iny(HgCl") — Iny(Ideal) (69)

Yl = —In Kl + 2mC104ﬁg2Cl7Clo4 + szIOJI BI(-Iléclf(leA + 2”nNa.’/nClO,/‘ CHgC17C104 (70)

The same treatment is applicable for the determination of the formation constants and
activity coefficients for the other charged species

Y3 = —In B + 3Iny(Cl™) + Iny(Hg*") — Iny(Ideal)
= —Infi; + Iny(HgCly ) — Iny(Ideal) (71)

Y3 = —Inf; + ZmNaﬁSg)CIE,Na + 2mnafi ﬁ(ng)arNa + 2myamcio, Cugel,—Na—— (72)
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—InB; +41Iny(Cl7) + Iny(Hg*") — Iny(Ideal)
= —1Inp, + Iny(HgCI2") — Iny(Ideal) (73)

Yo=—-Inf, + 2mNaﬂ(}?;Cl4,Na + 2mnafi ﬁg;Ch,Na + 2myamcio, Crgcl,—Na (74)

For the neutral species, a simpler equation can be used to determine the 5, and f; and
7(HgCl,) and y(HgOHCI) from

Y» = —Inf; +2Iny(Cl") + Iny(Hg**) = —In B, + Iny(HgCl,) (75)
Yy = —In 8, + 2mNaAHgCl-Na + MNaC10, {Na—CI0, ~HgCl, (76)

—1Infi —Iny(Cl") — Iny(H") + Iny(HgCl,) + Inag,o
—In $; + Iny(HgOHCI) (77)

Y7 = —In f; + 2mNa AHgoHCI-Na + MNa/1C10, CHOHCI-CIO;—Na (78)

The values of y(HgCl,), y(HgC1™) and y (HgOHCI) can be used to determine f35 and f for
reactions (45) and (46). According to Eq. 51, the values of log 5 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 §* 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 —In f3; + Iny(;) i 1s determmed from Eqs. 62-68. This
results in the values of f§; and the Pitzer coefficients ﬁMX, ﬁMX and Cyx for all of the ionic
species and /; and {;; for the neutral species. The experimental values are well fitted by
considering only the /31(\,& and the Cyx terms. These coefficients and In f; are tabulated in
Table 4 along with the standard error of the fits in log f5;. Plots of the Y; values determined
for each chloro complex versus molality in NaClO, media are shown in Fig. 3. The
reliability of these parameters can be demonstrated by comparing the measured and
calculated values of * for the formation of Hg; >+ complexes. The differences of log
f 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 {ygomci—cio,—Na, being fitted to the Pitzer coefficient

Fig. 3 Values of Y; determined 38

v
following Eqgs. 69, 71, 73, 75 and /_g_/l——-’(v Y
77 as a function of the ionic 36
strength of NaClO, at 25°C. A O Y,
(Y, for HgCl", Y, for HgCl,, Y3 34 W 2 5 v
for HgCly and Y; for HGOHCI /E//——a— "y
species ] = 3
pecies) y, ® v Y,
30 oY,
20
10
0
-10 1
-20 1
0 1 2 3 4

I (mol/kg H,0)
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Fig. 4 The differences between the measured and fitted values of log f3;, for HgOHmCl,(qz’“’m)Jr species as a
function of ionic strength at 25°C in NaClO, media

Angonci—na. However, a value of log * for reaction (46) at 1.052 m NaClO, 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 4 for reaction (46) of 4.17 and a
value of Amgonci—Na = —0.2432, similar to the values computed from reaction (47)
applying Eqgs. 77 and 78 (Table 4). With those data, log f; 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 HgCIOH (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(Il) in NaClO,
media from ionic strengths from 0 to 3.5 m at 25°C.

Table 5 A comparison of

thermodynamic constants (log f3;) Our study Powell et al. (2005)
g Pz cauations in s 108 Beon ~339 4008 ~340+008
study with data provided in Log ﬁHg(OH)2 —5.92+0.03 —5.98 £ 0.06
Powell et al. (2005) at 25°C Log fig, (oH) —3.33 + 0.03 —3.33 £ 0.03"
Log fueci 7.07 + 0.09 7.31 + 0.04
Log Bgc, 13.62 + 0.15 14.00 £ 0.09
Log Bgal, 14.55 + 0.13 14.92 + 0.09
Log g, 15.74 £ 0.12 1551 +0.12
Log Bugouci —9.71 + 0.08 —9.92 + 0.02
Log Bugonci 424 £0.11 427 035
Log Bugon 0.50 £+ 0.03 0.61 £ 0.12

% Baes and Mesmer (1976)
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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 HgCle’”>+ 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(Il) 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 6 Fitting parameters for the Pblef’”)*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) A; 1073 . B G Std. A; for HgCIZ—+
log f, 1545 —152.3 6.47 53.37 +0.01 —146.7
15-300 —104.3 4.90 36.09 +0.07 —98.7
log f3, 1545 —-3.50 —0.51 2.90 +0.01 8.14
15-300 —160.1 7.28 55.66 +0.13 —148.5
log 5 1545 —94.46 3.69 33.91 +0.01 —81.7
15-300 —183.2 8.29 63.52 +0.32 —170.4

A; values for HgCl,(f’”)Jr in Eq. 83 is also included

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 A; B; C
PbCI* Boer—cio, 0.097 10.93
—0.109*
Choelcios 0.023 —-8.10
0.055"
B —4.93-10° 225 - 10° 1.69 - 10°
Croercl 1.26 - 10* —5.75 - 10° —4.34 - 10°
PbCl, APbCly IO, —2.58 805
JpbCL,—Na —3.55 - 10° 1.57 - 10° 1.22 - 10°
—3.55-10™
{pbct, —c10,-Na 0.015 482
0.211°
PbCl,—Cl-Na 1.09 - 10* —4.84 - 10° —3.74 - 10°
PbCl; ot —xa —450.3 2.02 - 10* —154.6
—450.1°
Crocly Na —89.3 4.00 - 10° 30.6
—89.2°

? Value determined for HgClEf’")+ in Eq. 84
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The equations needed to determine the activity coefficient and thermodynamic constants
for the Pb(II) complexes in a NaCl-NaClO,4 media are given by Luo and Millero (2007).
The value of the activity coefficient for the PbCl™ complex in a NaCl-NaClO, media is

given by

Iny(PbCI") = f7 + 2mcio, (Broci—cio, + Mcio, Croci—cio,)

where R and S are the media terms

The rearrangement of Eq

Fig. 5 The differences between
the measured and fitted values of
the left side of Eq. 82 for PbCI*
complex and for PbCl, and
PbCl; complexes versus molality
in NaClO4—NaCl media at 15, 25,
35 and 45°C
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+ 2mci(Bpoci—c1 + mciCpoci—c1) + R+ S (79)
R = mnamcio,Byacio, + MNamciBy,cl (80)
S = mnamcio, CNacio, + MmNafciCnacl (81)
. 79 as shown in Eq. 70 gives
: c% o °
2o m e ° °
1 [oam=) "me 5)
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| |
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Ypocr — Iny(Ideal) + In Bppey =—In B +1Iny(C17) + Iny(Pb*") — Iny(Ideal) + In Bppcy
0 1
= 2mc104ﬁ£)b)c1—c1o4 + 2mClO4.31(>b)C1—c1of 1 + 2my0, Croci—cio,
+2mai Bt + 2maBwerofi + 2m3 Cevaic
(82)

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

logf; =A; + B;/T + C;logT (83)

The fitting parameters for the Pblelz’”>+ stability constants are shown in Table 6. If we
assume that the temperature dependence for Hg-CI complexes are the same as for Pb(II),
values for the A; term in Eq. 83 for HgCl*, HgCl, and HgCl; 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 C1™ at 25°C and should predict reliable stability constants in the to 300°C
range.

The experimental values for the PbCI* Pitzer parameters as a function of temperature
have been fit to equations of the form

Log Ymx =A + B/T + Clog T (84)

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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