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Abstract The stability constants for the hydrolysis of Cu(Il) and formation of chloride
complexes in NaClO4 solution, at 25°C, have been examined using the Pitzer equa-
tions. The calculated activity coefficients of CuOH*, Cu(OH),, Cu,(OH)**, Cu,(OH)3™,
CuCl™ and CuCl, have been used to determine the Pitzer parameter (,Bi(o), ,Bi(l), and
C;) for these complexes. These parameters yield values for the hydrolysis constants
(logyo By, logyy B3, logy B5 | and log, B5,) and the formation of the chloride complexes
(logyg Béycr and logyg B¢,q,) that agree with the experimental measurements, respectively
to £0.01, £0.02, £0.03, £0.06, £0.03 and £0.07.

The stability constants for the hydrolysis and chloride complexes of Cu(II) were found
to be related to those of other divalent metals over a wide range of ionic strength. This
has allowed us to use the calculated Pitzer parameters for copper complexes to model the
stability constants and activity coefficients of hydroxide and chloride complexes of other
divalent metals. The applicability of the Pitzer Cu(II) model to the ionic strength dependence
of hydrolysis of zinc and cadmium is presented. The resulting thermodynamic hydroxide and
chloride constants for zinc are log,q Bz,on+ = —9.04 & 0.04 and log,, Bznon), = —16.90 =
0.02. For cadmium the thermodynamic hydrolysis constants are log;, Bcqon+ = —10.24 =
0.05 and log,, Bcaon), = —20.42 £ 0.07. The Cu(Il) model allows one to determine the
stability of other divalent metal complexes over a wide range of concentration when little
experimental data are available. More reliable stepwise stability constants for divalent metals
are needed to test the linearity found for the chloro complexes.
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1 Introduction

In the aquatic environment, copper is principally present as Cu(Il) and is complexed with
inorganic and organic ligands. The bioavailability and potential toxicity of copper is directly
related to its physico-chemical speciation [1]. Although copper is an essential biological
trace metal in natural waters [2—6], free copper is toxic to many organisms at high concen-
trations [1] whereas the complexed copper is nontoxic. Algae in the marine environment can
excrete dissolved organic substances which complex Cu?* and decrease the free concentra-
tion of Cu®* [3, 7-11].

In surface waters, the formation of Cu(I) can occur due to the production of H,O, that
reduces Cu(Il) [12, 13]. The production of H,O, occurs due to the photochemical reaction
of organic matter [14, 15]. The Cu(l) is stabilized in seawater due to the formation of Cu*
chloro complexes that have slower oxidation rates with O, and H,O; than free Cu™ [16, 17].

Knowledge of chemical speciation of copper, which is mainly controlled by the complex-
ation with organic and inorganic ligands, is essential to understand its behavior in natural
waters. Speciation models require a reliable set of stability constants to describe the copper
equilibria in solutions with low and moderate ionic strength where the ionic interactions are
very important. To understand the complexation of Cu** with organic and inorganic ligands
in natural waters, one needs reliable stability constants. In this paper, we use the Pitzer equa-
tions [18] to examine the activity coefficients of copper(Il) complexes with hydroxide and
chloride ions. Pitzer parameters for the Cu(Il) complexes and thermodynamic complexation
constants (3;) have been determined.

The aim of this work is to provide divalent metal Pitzer parameters that can be used to
estimate the activity coefficients of these complexes and other divalent metals. As shown in
Figs. 1a and 1b, the thermodynamic stability constants for the formation of OH™ and C1~
complexes of divalent metals are related to one another. If this relationship holds at higher
ionic strengths, one would expect the activity coefficients for all divalent metal complexes
to be similar. In the following sections, we will examine the literature data that describes the
formation OH™ and C1~ complexes with Cu?™.

2 The Cu?**—OH~ System
The hydrolysis equilibria for Cu?* are given by the general equation

Cu*t + nH,0 2 Cu(OH)F™"* + nH* 6))
where the step-wise stability constants at a given ionic strength, 8/, are given by

’31* - [Cu(OH)f*"H][H+]"/[Cu2+] 2)

The hydrolysis equilibria for Cu?* are given by

Cu*™ 4+ H,0 = CuOH" +H", Bf =[CuOH'][H"]/[Cu*"], 3)
Cu*™ 4+ 2H,0 = Cu(OH), + 2H", g5 = [Cu(OH),][H]*/[Cu®*], 4)
Cu*" +3H,0 2 Cu(OH); +3H", B; =[Cu(OH); ][H]*/[Cu*'], ©))
Cu*" +4H,0 = Cu(OH)2™ +4H*, B; =[Cu(OH):"J[HT]*/[Cu*'], (6)
2Cu*" + H,0 = Cu, OB + HY, 5, = [Cu,OH’*|[H"]/[Cu®"]?, (7)
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2Cu®" +2H,0 = Cup(OH)3" +2HY, B3, = [Cu(OH)ITI[HT?/[Cu*' 2, (8)

3Cu** +4H,0 = Cuz(OH);* 4+ 3H", g5, = [Cus(OH);FI[HT/[Cu®' ] (9)

Recently Powell et al. [19] have provided the best available hydrolysis constants for
Cu?*. Table 1 gives the hydrolysis constants for the formation of copper hydroxide com-
plexes at 25 °C in NaClOy solutions at different ionic strengths [19].

3 The Cu**—CI~ System

The equilibria for Cu?>* and chloride are given by the general equation

Cu*" +nCl™ 2 CuCI? ™+ (10

where the values of 8} are given by

B =[CuCI™*]/[Cu*H][CI7]" (11
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Table 1 Stability constants for

copper hydroxy complexes at Reaction molkg™!  logjo p*
25°C in NaClO4 media at
different ionic strengths [19] Cu?t +H,0 = CuOH* + Ht 0.050 —8.124+0.20
0.70 —8.0940.20
3.503 —7.3340.20
Cu2t 4 2H,0 = Cu(OH), (aq) 0.05 —16.40 4 0.20
0.70 —16.68 4 0.20
2Cu%t + HyO = Cup OH3 T + H 0.101 —6.0840.30
0.254 —6.0640.30
0.513 —6.07+0.20
0.779 —6.09 +0.20
1.051 —6.11£0.20
3.503 —5.7540.20
3.503 —6.02£0.10
2Cu?* +2H,0 = Cup(OH)3 ™ +2HF  0.101 —10.75 4+ 0.20
0.101 —10.72 4 0.20
0.254 —10.7540.20
0.513 —10.76 +0.10
0.779 —10.7540.10
1.051 —10.76 +0.10
3.503 —10.53+0.20
3.503 —10.86 +0.10

The chloride complexation equilibria with Cu?* are given by the equations

Cu*™ 4+ ClI” 2 CuCl", Bf =[CuCl™]/[Cu*T][CI7] (12)
Cu*™ 4 2CI~ 2 Cu(Cl),, B5 =[Cu(Cl),]/[Cu*T][CI"]? (13)
Table 2 gives the stability constants for the copper chloride complexes at 25 °C in NaClO4

media at different ionic strengths [19]. Only the mononuclear chloride complexes for copper
are considered in this study.

4 Pitzer Model Calculations for the Cu?>*—OH~ System

The Pitzer coefficients for the copper hydrolysis complexes can be determined from the
experimentally measured values of . These measured values of B are related to their
thermodynamic values §; by

Ing; =In g} +Iny (CuOH") +Iny (H") — Iny (Cu*") — Inap,o, (14)
In B, = In B} + Iny (Cu(OH),) +2Iny (H") — Iny (Cu*") — 2Inay,o, (15)
InB; =1n g} +Iny(Cu(OH);) + 3Iny (H") — Iny (Cu*") — 3Inay,o, (16)
InBy =Ing} +Iny(Cu(OH);") +4lny (H") — Iny (Cu*") — 41nag,o, (17)
InBs; =g, +Iny(Cu,OH") + Iny (H') — 2Iny (Cu®") — Inap,o, (18)

InBr,=Inp5, + ln)/(Cuz(OH)?“) +2Iny(H") —2Iny(Cu*") —2Inap,o, (19)
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Table 2 Stability constants for

the copper chloride complexes at ~ Reaction mol kg ™! log( B*
25°C in NaClO4 media at
different ionic strengths [19] Cut +CI~ = cuCl™ 1.051 0.05+£0.10
1.051 0.13+0.30
2.212 0.04 £0.10
3.503 —0.07£0.10
6.584 0.06 +£0.20
6.584 0.04 +£0.10
6.584 0.25+0.20
6.0 0.06 +0.20
Cu2t 4 2CI~ = CuCly (aq) 1.051 —0.56 £ 0.40
3.503 —0.54 +0.20
6.584 —0.44+0.30
6.584 —0.48 +£0.20
6.584 —0.07 £ 0.30
6.0 —0.26 +£0.30

InBs4 =Inp5, +Iny(Cuz(OH);") +4InyH") —3Iny(Cu*) —4lnay,o  (20)

where the activity of water ap,o in NaClO4 media can be estimated from the osmotic coef-
ficient (¢).

ap,0 = exp(—2m¢/55.51) 21

The osmotic coefficient of NaClO, at 25 °C has been calculated from the Pitzer equation [18]
Bnacio; — 1 = —|2Nazci0,10.39151%% /(1 + 1.21°7)

+ 2navcio,) " /MIm B cio, + m*[2(0xavcio,) ' /M1Ckco,  (22)

The value of v = vN, + Vo, s the number of ionic species and zn, and zcjo, are the charges
on the ions Na™ and CIO; . The value of BI?TaClO4 is given by

BI?}aClO4 = ﬂIEIOa)ClO4 + 51511;004 exp(—21°7) (23)

Solving the unknown activity coefficients for the complexes and the thermodynamic con-
stants f for the known constants give the equations

—InB; +Iny(CuOH) = —In Bf — Iny (H") + Iny (Cu*") + Inan,o, (24)
—In B, +Iny(Cu(OH),) = —In g5 — 2Iny (H") + Iny (Cu*") + 2 Inay,o, (25)
—InBy; +Iny(Cu;OHY) = —In 5, —Iny (H") + 2Iny (Cu*") + Inay,o, (26)

—Inpss +Iny(Cu(OH);") = —InB;, —2Iny (H') + 2Iny (Cu**) 4+ 2Inan,o (27)

The values of y (i) are the activity coefficients of the i species in the media. At low
concentrations of Cu®", the trace activity coefficients of H, Cu?>*, CuOH*, Cu(OH),,
Cu,OH** and Cuz(OH)§+ in a NaClOy solution can be calculated from the Pitzer equa-
tions [18] as formulated by [20]. We have

Inyy = f¥ + 2mcio, (Bucio, + ECncio,) + R + S + mna (2@una + mcio, YhnNacio,), (28)
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Table 3 The Pitzer parameters ) ) ©
for the hydrolysis and chloro Solute Bumx Bumx Cmx
complex formation in NaClO4
media at 25°C NaClOy4 0.0554 0.2755 —0.00118
HCIOy4 0.1747 0.2931 0.0819
NaCl 0.0765 0.2664 0.00127
Cu(Cl04)> 0.4897 1.9036 0.00839
2
Iny (Cu*) =47 + 2meio, (Beucio, + mcio, Ceucio,) + 4R + 28, (29)
Iny (CuOH") = f” + 2mcy0, (Bcwon-cio, + mcio, Ccuon-cio,) + R+ S, (30)
Iny (Cu,OH*") = 9 f¥ + 2mcio, (Bew,on-cio, + Mcio, Cewon-cio,) + 9R + 38, 3D

Iny (Cuz(OH); ") =4 £ + 2mcio, (Bcu, (0H),-cio, + Mcio; Ceuyomy,-cio,) + 4R + 28, (32)
In y (Cu(OH),) = 2Acy(0H),-NaNa + MNaC10, {Cu(OH),-Na-Cl0, (33)

The Pitzer parameters for Cu(ClO4), in NaClO4 media have been taken from the work of
Kim and Frederick [21]. The Debye-Hiickel term, f7, is given by

fr==A?[1"2/(0 +1.21°%) + (2/1.2) In(1 + 1.21°%)] (34)

where A? is given by Mgller [22] and [ is the molal ionic strength. The ionic strength (1) is
equal to the molality of the media.

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

Bux = B + (BUx/2DI1 — (1 +21%%) exp(=21°%)], (35)
Bl = (BUX/2IP)[—1 + (1 4 21%° + 21y exp(—21°%)], (36)
Cwvix = Clix/ Qlzmzx|™) (37)

The medium terms R and S in Eqgs. 28 to 32 in NaClOy, are given by [18]

R = myamcio, Bracio, = MNammcio, (ﬂIEIla)C104/212)
x [=14 (1 421% 4+ 21 exp(—=21°)1}, (38)

S = myamcio, Cnacio, = MnaMicio, Cffac104/2 (39

The 25 °C values of ﬁlf,(&, Iﬁ,& and Cff’,[X for NaClOy4 as well as Ogn, (Whnacio, 1s assumed
equal zero) are taken from [20] and are tabulated in Table 3.

Rearrangement of Eqs. 29 to 33 yields a series of equations that can be used to determined
the activity coefficients (y;) of the ions and the thermodynamic constants B;.

The value of Y; can be determined from the known quantities and can be used to deter-
mine B; and y (CuOH™):

Y = —Ingf —Iny(H") + Iny(Cu*") — Inay,o — In y (ideal)

= —InpB; +Iny(CuOH™) — In y (ideal), (40)
Yi=—Ing + 2mc1o4,3é0u)0H-Clo4 + 2mcio, fi IBélu)OH-ClO4 + 2mnamcio, Ccuon-clo, (41)

@ Springer



J Solution Chem (2008) 37: 749-762 755

The value of f} and In y (ideal) are given by

fi=[1—=A+21%)exp(—=21°)]/21, (42)
Iny (ideal) = z7 f¥ + z°R + |z|S (43)

where z is the charge and R and S are given by Eqgs. 38 and 39.
For neutral species, a simple equation is used to determined g, and y (Cu(OH),):

Y, =—Ing; —2Iny(H") +Iny(Cu’t) + 2Inap,o = —In By + Iny (Cu(OH),), (44)

Y, = —In By + 2mNaAcu(OH),-Na + MINaMCI0,4 $Cu(OH),-Na-ClOy (45)

A nonlinear least-squares fit gives values for the interaction parameters Acuony,-Na and
{cu(OH),-Na-clo, - The values of Y3 and Y, are determined using the same procedure as for
in Y 2

Y;=—Ing;, —Iny(H") +2Iny(Cu’") + Inay,o — Iny (ideal)

— —1Inpa; + Iny(CuOH*) — Iny (ideal), (46)
Y3 = —1In By + 2mcio, ﬁé?szH-Cl(L; + 2mcio, fi 581)2011-004
+ 2myamcio, Ccu,0H-C10, » 47)

Ys=—Inpg5, —2Iny(H") +2Iny(Cu*") + 2Inay,o — Iny (ideal)

=—Infs, +1Iny(Cu, (OH)%*’) — Iny (ideal), (48)
0 1
Ya = —1n B2+ 2mcio, B omyy-ciog + 2Mc104 f1BEu oms-cio,
+ 2myamcio, Ccu, (0H),-Cl0, (49)

The concentration dependency of —In §; + Iny (i) are determined from Eqs. 24 to 27. This
results in the values of B; and the Pitzer coefficients ﬂ]f,?;(, ﬁ,}; and Cf&x for all of the ionic
species. These coefficients and log;, f; are tabulated in Table 4 along with the standard error
of the fits for log,, B;. The Y; values from Eqs. 41, 45, 47 and 49 are plotted in Fig. 2 as a
function of ionic strength. Results from Baes and Mesmer [23] for CuOH* and CuCl, are

also shown in Fig. 2.

Table 4 Stability constants and Pitzer parameters for copper hydrolysis and chloride complexes in NaClOy4
media at 25 °C

Species logyg Bi Std. error fit 51.(0) ﬂl.(l) C;
CuOHt —-7.96 0.02 0.1192 —0.002
Cu(OH), —16.23 0.08 A =0.2005, &£ = —0.1724
CuzOH3+ —6.26 0.11 1.1296 44234 —0.085
Cuz(OH)?L —10.58 0.12 0.5954 1.3072 —0.0316
CuClt 0.78 0.08 0.5300 —0.0089
CuClp 0.41 0.19 A =0.268, £ =0.035
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Fig.2 Y; values (Eqgs. 41, 45, 47 -10
and 49) for copper hydrolysis
complexes in NaClOy4 as a -15

function of the ionic strength. \
Data from [22] are also included 20 ] d ——
for CuOH™ and CuCl,
25 A
o

-30 A
® cuoH"
m  Cu(OH);
-35 3+
4o 4 Cu,0OH
40 - v Cuy(OH),”
O  Baes and Mesmer, 1976
" O Baes and Mesmer, 1976
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I (mol/’kg H,0)

5 Pitzer Calculations for the Cu?>*—Cl~ System

The measured values of 8 for the copper chloride complexes are related to the thermody-
namic values f; by

InB, = Ing; +Iny(CuCl™) — Iny (Cu*") — Iny(CI7), (50)
InB; =InB} +Iny(CuCly) — Iny (Cu*™) — 2Iny (CI") (51)

Solving for the unknown activity coefficients for S constants gives
—1Ing; +Iny(CuClt) = —In B} + Iny (Cu*") +Iny (Cl7), (52)
—Ing; +Iny(CuCl) =—Inp; +1n y(Cu*™) +2Iny(CI7) (53)

The values of the activity coefficients of species i in the media

Iny (CuCl*) = f7 + 2mcio, (Bcuci-cio, + ECcuci-cio,) + R+ S, 54
Iny (CuCly) = 2Acucl,-NaNa + MNaMC10, CuCly-Na-ClO, (55

The rearrangement of Eqs. 54 and 55 yields a series of equations that can be used to
determined the activity coefficients (y;) of the ions and thermodynamic constants ;.

The value of Y; can be determined from the known quantities and can be used to deter-
mine B and y (CuCI™):

Y) = —In B +Iny(Cu’") +Iny (CI7) — Iny (ideal)

= —InpB; +Iny(CuCl") — Iny (ideal), (56)
Y1 = —In B + 2mcio, Boer-cio , +2mcio, /i ﬂélu)q-qm + 2mnamcio, Couct-clogs  (57)
Y,=—Inp +1Iny (Cu2+) +2Iny(Cl7) = —Inp; + Iny (CuCly), (58)
Yy = —In B + 2mnaAcucn,-Na + MNaMCi0, {Cu(Clyp-Na-CIO, (59

This results in the values of B; and the Pitzer coefficients (ﬂlf,(&, lf,& and Cyix) are tabulated

in Table 4 for copper chloro complexes along with the standard error of the fits in log,, S;.
The plots of Y; for chloride complexes as a function of ionic strength are presented in Fig. 3.
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Fig. 3 Y; values (Eqgs. 57 and 4
59) for copper chloride
complexes in NaClOy as a
function of the ionic strength 2 1
0 4
o

o CuCl*
a CuCl,
-6 T T T
0 2 4 6 8
I (mol/KgH,0)
Table 5 Comparison between -
the thermodynamic constants Species log;o Bi logyo Bi
extrapolated using Pitzer this study Powell, 2007
equations in this study and data
provided in [19] at 25°C CuOH™* —7.96 +0.02 —7.95+0.16
Cu(OH), —16.23 +0.08 —-16.2+0.2
Cuy OH3 —6.26+0.11 —6.40+0.12
Cuz(OH)%Jr —10.58 £0.12 —10.43 £0.07
CuClt 0.78 £0.08 0.83 £0.09
CuCl, 0.41£0.19 0.6+0.3

6 Values of log,, B; and Pitzer Parameters

In the Cu®>*—OH™ system, seven species have been identified [19]. The formation of the first
monomeric hydrolysis species CuOH™ is described in this study by Eq. 3, and the formation
of the second monomeric hydrolysis species Cu(OH), by Eq. 4. The species Cu(OH); and
Cu(OH)if described by Eqgs. 5 and 6 are formed in alkaline solutions at pH higher than 10.
The formation of the polynuclear species Cu,OH>*, Cu,(OH)3" and Cu3(OH)3" are de-
scribed by Eqs. 7, 8 and 9. In slightly acidic solutions with moderate copper concentrations
(~ mmol-dm~3), Cuy (OH)3" is the predominant species. Cu;OH?* is formed at high copper
concentrations (mol-dm~3) and pH lower than 3.5. The formation of trimeric species is ob-
served at high copper concentrations and pH about 6 [19]. Taking this into consideration, in
the natural environment the species more favorable are CuOH* and Cu(OH),. Polynuclear
species of Cu(Il) are only formed at high concentrations of Cu(Il). In Table 5, a comparison
between the values of log,, B; obtained from the Pitzer equation in this study and the values
obtained from [19] are given.

In the Cu?*—Cl~ system four chloride-complexes are identified [19]. The formation of
CuCl™ and CuCl;(aq) formation is described by Egs. 12 and 13. The CuCl* and CuCl,(aq)
are weak and CuCl; and CuCli_ are extremely weak and only form at very high chloride
concentrations. In this case, the species more favorable in natural environments at high ionic
strength are CuCl™ and CuCl,(aq). In Table 5 comparison between the values of log,, i
obtained from the Pitzer equation in this study and the values obtained from [19] for these
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Fig.4 Comparison between 0.6
measured and calculated values
of B; for different hydrolysis and 04
chloride complexes
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Fig. 5 Equilibrium constant relationships for divalent cations at an ionic strength of 3 mol-kg_l for: (a) the
hydrolysis expressed as a function of values for Cu(II), and (b) for the formation of chloride complexes with
respect to Zn(II). Data for copper hydrolysis complexes constants are from [19]. Divalent cation hydrolysis
constants are from [23] and data for chloride complexes are from [28]
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Fig. 6 Zinc hydrolysis constants [23] for: (a) ZnOH™T and (b) Zn(OH),, together with the theoretical fit
considering Pitzer parameters as a function of the ionic strength for the corresponding copper hydrolysis
complexes from Table 4

chloride copper complexes are shown. The agreement is quite good and within the experi-
mental error of the two studies.

The reliability of the Pitzer parameters for copper hydrolysis complexes and copper chlo-
ride complexes can be demonstrated by comparing the measured and calculated values of
B for the formation of the different complexes. The difference between the measured and
calculated values of log,, B are shown in Fig. 4. The average deviations for the hydroxy
complexes Cu,OH3* and Cuz(OH);Jr are +0.03 and +0.06 and for the chloride complex
CuCI* and CuCl, are £0.03 and +0.07, respectively.

7 Copper(Il) Pitzer Parameters as a Model for Other Divalent Metals

One of the difficulties of modeling the speciation of metals in natural waters is in deter-
mining the activity coefficients of metal complexes [24-27]. Since the stability constants
of Cu(Il) and other divalent trace metals with hydroxy and chloride are quite similar, one
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Fig. 7 Cadmium hydrolysis constants [23] for: (a) CdOH™ and (b) Cd(OH);, together with the theoretical
fit considering Pitzer parameters as a function of the ionic strength for the corresponding copper hydrolysis
complexes from Table 4

might expect our results for Cu(II) may be used for other divalent metals. The linear rela-
tionships observed for the thermodynamic constants (Fig. 1) holds to 3 mol-kg™!, as shown
in Fig. 5a for the hydrolysis constants and in Fig. 5b for the chloride complexes, and sup-
port this notion. We applied the Pitzer parameters calculated for hydroxide and chloride
complexes of copper to estimate the stability constants of the complexes formed with other
divalent cations and their ionic strength dependences. The results for the hydrolysis con-
stants [23] for zinc and cadmium as a function of ionic strength are shown in Figs. 6 and 7
together with the theoretical constants using the Cu(Il) Pitzer parameters from Table 4. Stan-
dard errors of estimated constants are £0.05 and £0.02 for ZnOH* and Zn(OH),, respec-
tively. The thermodynamic hydrolysis constants found are log,, Bz,op+ = —9.04£0.04 and
logy Bznom), = —16.90 & 0.02, in agreement with the values of —8.96 and —16.9, respec-
tively, estimated by Baes and Mesmer [23]. For cadmium hydrolysis, the standard errors
of the estimated constants are £0.05 and £0.04 for CdAOH" and Cd(OH),, respectively,
whereas log,, Bcqop+ = —10.24 £0.05 and log, Bcqon), = —20.4240.07, which are sim-
ilar to the values of —10.08 and —20.35 estimated by Baes and Mesmer [23].
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In this study, the equations of Pitzer have been used to calculate the activity coefficients
of copper hydroxide and copper chloride complexes in NaCO4 medium. These Pitzer para-
meters for copper complexes have been shown to serve as a model for other divalent metal
cations. Further measurements of the stability constants of copper complexes need to be
made at even higher ionic strengths and as a function of temperature. Since it has been
shown elsewhere that the Pitzer parameters for ions in NaCl are linearly related to the val-
ues in NaClOy [26, 27], these results should prove useful in determining the speciation of
divalent metals in natural waters with high concentrations of NaCl.

Acknowledgements We acknowledge the support of the Oceanographic Section of the National Science
Foundation, the National Oceanic and Atmospheric Administration, and the Spanish Ministerio de Educacién
y Ciencia, Project EFEMAR CTM2006-09857. IMSC wishes to acknowledge the support of the Canary
Island Government for her stay in the USA. MGD acknowledges the support of the Ministerio de Educacién
y Ciencia PR2007-0163 for his stay in the USA.

References

1. Campbell, P.G.C.: Interactions between trace metals and aquatic organisms: a critique of the free-ion ac-
tivity model. In: Tessier, A., Turner, D.R. (eds.) Metal Speciation and Bioavailability in Aquatic Systems.
Wiley, New York (1995)

2. Sunda, W., Guillard, R.R.L.: The relationship between cupric ion activity and the toxicity of copper to
phytoplankton. J. Mar. Res. 134, 511-529 (1976)

3. Morel, EM.M., Morel-Laurens, N.M.L.: Trace metals and plankton in the oceans. Facts and speculations.
In: Wong, C.S., Boyle, E., Bruland, K.W., Burton, J.D., Goldberg, E.D. (eds.) Trace Metals in Sea Water.
NATO Conference Series IV, Marine Sciences, pp. 841-869. Plenum Press, New York (1983)

4. Brand, L.E., Sunda, W.G., Guillard, R.R.L.: Reduction of marine phytoplankton reproduction rates by
copper and cadmium. J. Exp. Mar. Biol. Ecol. 96, 225-250 (1986)

5. Verweij, W.: Speciation and bioavailability of copper in lake Tjeukemeer. Ph.D. thesis, University of
Wageningen, The Netherlands (1991), 143 pp

6. Blust, R., Fontaine, A., Declair, W.: Effect of hydrogen ions and inorganic complexing on the uptake of
copper by the brine shrimp Artemia franciscana. Mar. Ecol. Prog. Ser. 76, 273-282 (1991)

7. Seritti, A., Pellegrini, D., Morelli, E., Barghigiani, C., Ferrara, R.: Copper complexing capacity of phy-
toplanktonic cell exudates. Mar. Chem. 18, 351-357 (1986)

8. Brown, L.N., Robinson, M.G., Hall, B.D.: Mechanisms for copper tolerance in Amhora coffeaeformis—
internal and external binding. Mar. Biol. 97, 581-586 (1988)

9. Zhou, X., Slauenwhite, D.E., Pett, R.J., Wangersky, P.J.: Production of copper-complexing organic lig-
ands during a diatom bloom: tower tank and batch-culture experiments. Mar. Chem. 27, 19-30 (1989)

10. Zhou, X., Wangersky, P.J.: Production of copper-complexing organic ligands by the marine diatom
Phaeodactylum triconutum in a cage culture turbidostat. Mar. Chem. 26, 239-259 (1989)

11. Gonzalez-Davila, M., Santana-Casiano, J.M., Laglera, L.M.: Copper adsorption in diatom cultures. Mar.
Chem. 70, 161-170 (2000)

12. Moffett, J.W., Zika, R.G.: Oxidation kinetics of Cu(I) in seawater: implications for its existence in the
marine environment. Mar. Chem. 13, 239-251 (1983)

13. Moffett, J.W., Zika, R.G.: Reduction kinetics of hydrogen peroxide with copper and iron in seawater.
Environ. Sci. Technol. 21, 804-810 (1987)

14. Zafiriou, O.C.: Marine organic photochemistry previewed. Mar. Chem. 5, 497-522 (1977)

15. Zika, R.G.: Marine organic photochemistry. In: Duursma, E.K., Dawson, R. (eds.) Marine Organic
Chemistry, pp. 299-325. Elsevier, Amsterdam (1981)

16. Millero, EJ.: The effect of ionic interactions on the oxidation of metals in natural waters. Geochim.
Cosmochim. Acta 49, 547-553 (1985)

17. Sharma, V.K., Millero, F.J.: Effect of ionic interactions on the rates of oxidation of Cu(I) with O, in
natural waters. Mar. Chem. 25, 141-161 (1988)

18. Pitzer, K.S.: Activity Coefficients in Electrolyte Solutions, pp. 75-153. CRC Press, Boca Raton (1991)

19. Powell, K.J., Brown, P.L., Byrne, B.H., Gajda, T., Hefter, G., Sjoberg, S., Wanner, H.: Chemical specia-

tion of environmentally significant metals with inorganic ligands. Part 2: The Cu?t-OH—, CI™, SOi_,
and POi_ systems. Pure Appl. Chem. 79, 895-950 (2007)

@ Springer



762 J Solution Chem (2008) 37: 749-762

20. Millero, EJ., Pierrot, D.: A chemical equilibrium model for natural waters. Aquat. Geochem. 4, 153-199
(1998)

21. Kim, H.-T., Frederick, W.J.: Evaluation of Pitzer ion interaction parameters of aqueous electrolytes at
25°C. 1. Single salt parameters. J. Chem. Eng. Data 33, 177-184 (1988)

22. Mgller, N.: The prediction of mineral solubilities in natural waters: a chemical equilibrium model for the
Na-Ca-Cl-SO4-H;O system, to high temperature and concentration. Geochim. Cosmochim. Acta 52,
821-837 (1988)

23. Baes, C.F, Mesmer, R.E.: The Hydrolysis of Cations, pp. 267-272. Wiley-Interscience, New York
(1976)

24. Millero, F.J.: Use of models to determine ionic interactions in natural waters. Thalass. Jugosl. 18, 253—
291 (1982)

25. Millero, EJ., Schreiber, D.R.: Use of the pairing model to estimate activity coefficients of the ionic
components of natural waters. Am. J. Sci. 282, 1508—-1540 (1982)

26. Millero, EJ., Hawke, D.J.: Tonic interactions of divalent metals in natural waters. Mar. Chem. 40, 19-48
(1992)

27. Millero, E.J.: Stability constants for the formation of rare earth inorganic complexes as a function of ionic
strength. Geochim. Cosmochim. Acta 56, 3123-3132 (1992)

28. Smith, R.M., Martell, A.E.: Critical Stability Constants, Vol. 4, Inorganic Complexes, p. 257. Plenum
Press, New York (1976)

@ Springer



	The Examination of the Activity Coefficients of Cu(II) Complexes with OH- and Cl- in NaClO4 Using Pitzer Equations: Application to Other Divalent Cations
	Abstract
	Introduction
	The Cu2+-OH- System
	The Cu2+-Cl- System
	Pitzer Model Calculations for the Cu2+-OH- System
	Pitzer Calculations for the Cu2+-Cl- System
	Values of log10betai and Pitzer Parameters
	Copper(II) Pitzer Parameters as a Model for Other Divalent Metals
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


