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Abstract

Protonation constants of carbonate were determined in tetramethylammonium chlorteOiM®.1 < I//mol kg™ < 4) and tetraethylam-
monium iodide (EfNl,q 0.1< I/mol kgt < 1) by potentiometric ([F]-glass electrode) measurements. Dependence of protonation constants
on ionic strength was taken into account by modified specific ion interaction theory (SIT) and by Pitzer models. Literature data on the
protonation of carbonate in Nagl(0.1< //mol kg™ < 6) were also critically analysed. Both protonation constants of carbonate follow the
trend EzNI>Me4NCIl>NacCl. An ion pair formation model designed to take into account the different protonation behaviours of carbonate
in different supporting electrolytes was also evaluated.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Protonation of carbonate; Dependence on ionic strength; Aqueous solution; Tetraalkylammonium salts; lon pair formation model; Specific ion
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1. Introduction account the effect of the sodium ion on carbonate protona-
tion constants. The interaction of carbonate and bicarbonate
The behaviour of carbonate systems in natural waters, andwith the magnesium ion in a mixed NaCl + MgQhedium
particularly in seawater, has been extensively investigatedhas also been examined by Millero and Thurm@2t] and
[1-8]. The main focus of research attention has been themany data are available on carbonate protonation constants in
determination of all the thermodynamic parameters relative seawater at different salinities. Further selected data describ-
to the carbon dioxide system in order to define the chemi- ing a complete model of interaction of carbonate with the
cal and geochemical equilibrium data necessary for a bettermajor cation components of seawater have been published by
understanding of the alkalinity of seawater, and with the aim Hanssor{22], Pytkowicz[23], Pytkowicz and Hawley24],
of identifying a relationship between a G@as—solution Whitfield [25] and more recently, by Roy et 48], Mojica
equilibrium and global climate change. The literature reports Prieto and Millerd26—32]. A potentiometric investigation of
carbonate protonation constants in NaCl, KiNdd NaClQ weak CQ2~—-Na' association has been reported by Capewell
media[9,15], mostly without considering the possible inter- etal.[33]. Millero and Roy[34] provided a Pitzer equation for
action of carbonate and bicarbonate with the supporting elec-a chemical model for the carbonate system in natural waters.
trolyte cation. A select few data, reported by Harned and  The object of our study is to establish a “baseline” for
Bonner[16], Nasinen17], Dyrssen and Hanss¢b3], Thur- protonation constants in non-interacting supporting elec-
mond and Millero[19], and Patterson et g20], take into trolytes and to compare the values obtained with carbonate
protonation constants determined in NaCl or in mixed elec-
* Corresponding author. Tel.: +39 090 393659 fax: +39 090 392827,  trolyte media in order to quantitatively define cation effects
E-mail address: sammartano@chem.unime.it (S. Sammartano). on the carbon dioxide protonation system. Moreover, we
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need suitable protonation constants of carbonate, in differ- thermostated jacket, at a temperature oEAR1°C, were

ent media, in a wide ionic strength range, in any study used. The free hydrogen ion concentration scale was used
devoted to the speciation of different elements, since this (pH=—log[H*]). All titrations were carried out by magneti-
inorganic ligand is present in almost all natural fluids and cally stirring and bubbling pure nitrogen through the solutions
interacts quite strongly with a large amount of inorganic in order to avoid @ and CQ inside.

and organic cation§9-13,35]. For this purposeKlH and

K% values of carbonate were determined in tetraalkylam- » 3 cuiculations

monium salts [(CH)4NCI and (GHs)sNI] as representa-

tive of non-interacting supporting electrolytes. Investigations  Reagent concentrations and electrode system parameters
were performed by potentiometry ({Hglass electrode) at  (apparent standard potential slope and junction potential)
T=25°C in the ionic strength ranges Osll/molkg~* <4 were calculated by the ESAB2I40] computer program.
and 0.1<//molkg ™ <1 for MesNCI and E&NI, respec-  protonation constants were calculated using both BSTAC
tively. The dependence of protonation constants on ionic 3nd STACO computer programftl]. The fitting of
strength was taken into account using a modified specific protonation constants to determine dependence on ionic
ion interaction theory (SIT) modgB6,37] and by Pitzer strength was performed by the LIANA computer program
equationd38,39]. Literature data on the protonation of car- [42] using different models. Weak complex formation
bonate in NaCl(aq) (0.% //molkg™" <6) were also criti-  constants were calculated using the ES2WC prog#8h
cally analysed. The differences between kg and log K All these programs are based on the least squares method
in tetraalkylammonium salts and the corresponding values coupled with the Levemberg—Marquardt damping algorithm.
determined in NaCl medium are interpreted in terms ofNa Speciation diagrams were plotted by the ES4EC program
carbonate complex formation. [41]. Details of calculation methods have been reported
elsewherd42]. The conversion from molar to molal scale
for the different supporting electrolytes was obtained using

2. Experimental the equation (at 25C; ¢ =molar concentrations = molal
. _ concentrationy/m =dg + a1c +asc?, with do=0.99987 and
2.1. Chemicals and solutions a1=-0.017765 (NaCl)—~0.107951 (MeNCl), —0.184338

(EuNI), a»=—-6.525x 104 (NaCl), 4.833x 104

The MeNCI (tetramethylammonium chloride, Fluka (me,NCI), 8.112x 1074 (EuNI) [valid in the ranges:
purum) and E4NI (tetraethylammonium iodide, Fluka o< yNaCl)/molkgt<6; 0<I(MesNClymolkg? <4.3;
purum) solutions were prepared by weighting the recrystal- g < j(Et,NI)/mol kg~2 < 1.2].
lized salts from methanol-acetone and the solvent was com-
pletely removed before use. All solutions were prepared using
analytical grade water (conductivity <QuE) and grade A
glassware was employed. The solutions were boiled to elim-
inate CQ. Reagent grade N&0; and NaHCQ were added 3.1. Experimental protonation constants
to each measurement solution so that total concentration was

3. Results and discussion

10-16 mmol L, with ratios GarbonatéChicarbonateranging Protonation equilibria for carbonate are:
from 0.1 to 0.8. Reagent concentrations were checked by
least squares analysis. CO3%™ + HT = HCOs™ K? (pKa,)
2.2. Apparatus and measurements HCO3™ 4+ H™ = CO, + H,0 KZH (PKa,)

- q

Potentiometric measurements were carried out using Carbonate protonation constants were determined at dif-
potentiometric apparatus consisting of a Metrohm model 665 ferent ionic strengths in M@Clyq (0.1<I/mol kgl <4)
automatic titrant dispenser coupled with a Metronm model and E4Nlaq(0.1</mol kg~! < 1) and values are reported in
654 potentiometer and a combination Orion—Ross 8172 glassTable 1in both molar and molal concentration scales. Signifi-
electrode. The estimated accuracy of the potentiometric sys-cant differences can be observed in IKQ' values for the two
tem was+0.15mV and+0.002 mL for emf and titrant vol- ~ supporting electrolytes; as expected, the trend for aIIK¢b
ume readings, respectively. A volume of 25mL solution values is EtNI>Me4NCl and this increases markedly with
containing NaCOz and NaHCQ@ together with the support-  ionic strength. A =1 molkg™! these differences are appar-
ing electrolyte (M@NClI or Ef4NI) at different ionic strength  ent for both protonation steps >0.1 log units. In turn, values of
values was titrated with hydrochloric acid up to ptb. log k! in tetraalkylammonium salts are significantly higher
For each experiment, independent titrations of HCI solutions than in NaCl (see following sections). This behaviour is very
were performed in the same experimental conditions of ionic similar to that shown by many inorganic (sulphate, phos-
strength and temperature as the systems under study in ordephate) and organic (low molecular weight polycarboxylate)
to determine formal electrode potentiz,,. Glass cells with ligands[44—46].
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Table 1
Experimental and smoothed protonation constants of carbonic acightt &id MeNCI (molar and molal concentration scales) af 25
IImol L1 log k*! log K} IImol kg1 log k! log K}
Experimental values
Et4NI
0.063 10.073+ 0.013 6.208+ 0.00% 0.064 10.066 6.202
0.108 10.060+ 0.010 6.197+ 0.008 0.111 10.050 6.187
0.250 10.100+ 0.006 6.205+ 0.016 0.263 10.078 6.183
0.480 10.208+ 0.007 6.254+ 0.027 0.528 10.166 6.213
0.860 10.370+ 0.014 6.3354+ 0.038 1.025 10.294 6.259
MesNCI
0.110 9.998+ 0.01F 6.145+ 0.00¢ 0.112 9.991 6.139
0.255 9.981+ 0.006 6.094+ 0.008 0.263 9.968 6.081
0.495 10.031+ 0.003 6.0754+ 0.012 0.524 10.006 6.050
0.732 10.105+ 0.003 6.072+ 0.019 0.797 10.068 6.035
0.980 10.177+ 0.011 6.0924+ 0.016 1.099 10.128 6.042
1.830 10.449+ 0.004 6.187+ 0.014 2.284 10.353 6.091
2.600 10.690+ 0.024 6.281+ 0.020 3.613 10.547 6.138
2.850 10.7404+ 0.018 6.286+ 0.022 4111 10.581 6.127
Smoothed values
Et4NI
0.10 10.054+ 0.003 6.197+ 0.003 0.10 10.044 6.189
0.25 10.100+ 0.003 6.207+ 0.002 0.25 10.073 6.184
0.50 10.222+ 0.003 6.258+ 0.002 0.50 10.164 6.209
1.00 10.4174+ 0.005 6.364+ 0.002 1.00 10.289 6.257
MesNCI
0.10 9.9944 0.004 6.143+ 0.003 0.10 9.989 6.140
0.25 9.976+ 0.003 6.091+ 0.003 0.25 9.962 6.081
0.50 10.034+ 0.003 6.0724+ 0.003 0.50 10.001 6.048
1.00 10.191+ 0.003 6.098+ 0.003 1.00 10.114 6.042
2.00 10.5004+ 0.003 6.206+ 0.002 2.00 10.307 6.079
3.00 10.792+ 0.009 6.308+ 0.008 3.00 10.458 6.116
4.00 - - 4.00 10.576 6.131
@ +Standard deviation.
3.2. Dependence on ionic strength: smoothing function Coo IS, in turn, a function of ionic strengf®0].
0 1
Experimental protonation constants can be expressed ag>® = eQ+ Q1 (3)

a fungtion of ionic strength by a simple Debyeiidkel type The empirical parameters of Eq&) and(3) for the pro-
equation: tonation constants of carbonate inyEt and MeNCI are
Ji reported inTable 2. The values of log!" in Eq. (1):

H_ Ho Y 2 i

log K;" =log K; 0.51 211+ 1577 + L(I) Q) log K? — 103344
where logK!" isthe infinite dilution value and L(7)isalinear  |og K5 =6.3510

function of ionic strength that can be formulated in different . . ] .
ways. The simplest expression for this linear termis L(7) = 1, Were obtained from a critical analysis of literature data (molar

whereC is the only adjustable parameter. Often, this simple concentration scale), as reported in the next section and using
choice is sufficient to explain experimental data in a wide

- < i

lonic strength range, genera”y SmOﬂ" when the sup Empirical parameters of Eg&) and(3) for the dependence on ionic strength

porting e|ECtrO|_yte IS a 1:1 alkali metal salt. F_0r higher 'On'c_ of carbonate protonation constants af 5molar concentration scale)
strengths and, in particular, when the supporting electrolyte is - 2 2

Table 2

a tetraalkylammonium salt, a more complicated form of L(J) ! © Coo Coo 7
- NI
must be used. Recentl§7—-49]we proposed the equation: 1735 0.0646 B 0.005
L(T) €0 — Coo 2 0.704 0.1382 - 0.002
=Gt T ) MesNCl
1 1.054 0.297 —0.0027 0.007
2 0.1042 0.228 —0.0213 0.006

which, for several systems (polycarboxylates, polyamines),
can be used up = 6 mol kg L. In some cases, the parameter 2 Standard deviation on the fit of Eq®) and(3).
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the protonation constants determined in the present study.s a very sharp BNl > Me4NCI > NaCl trend; the differences
Egs.(1)—(3)can be used in both molar and molal concentra- in log K,H A; (EuNI, NaCl) andA; (Me4NCI, NaCl) can be
tion scales: smoothed IogiH values are reported ifable 1. expressed by the simple equation (far 1 mol kg 1)
. . A = a;i 1?3 4)
3.3. Thermodynamic protonation constants
where a; is an empirical parameter andis the protona-

A large numbers of thermodynamic parameters for the tion step. For the two couples of supporting electrolytes,
protonation of carbonate at different temperatures have beenwe have: (EfNI, NaCl), a1 =0.83 anda =0.31; (MgNCI,
reported in literaturg9—18,51]. Some of these data were col- NaCl),a; =0.60 andi» =0.08. The effect of ionic media on
lected and selected, and suitable calculation metlié2s the protonation constants of carbonate can be seEmir8,
allowed us to obtain the values:

log K" = 10.333+£0.0010; AH? = 1492+ 0.08; ACp? = 264+ 9
log K4 = 6.35074 0.0006; AHJ = —9.074+0.07; ACp) =395+8

at 25°C (AHkJmoll; ACp®IK1mol™1) and in the where the formation percentages of species are reported in
molal concentration scale. These values are in quite goodEtNI and NaCl aqueous solution. In the experimental con-

agreement with values reported by Harned and Sclip®s
Harned and Davifs3]: log K" = 10.329, AH? = 147,
ACpY =272, logKY" = 6.3519,AHY = —9.41, ACp3 =
374; Patterson et al[20]: log K}" = 10337, AHY =
—15.07,ACp? = 260; Larson eta[54]: log K" = 10.329,
AH? = —14.7, ACp§ = 250.

3.4. Protonation constants in NaCl and Na* -carbonate
ion pairs

Numerous data can also be found in literature for carbon-
ate protonation constants in NaglWe selected the values
reported by Harned and Bonr{d6], Nasanen[17], Dyrssen
and Hanssoifil8], Thurmond and Millerd19] and Patter-
son et al.[20]. These constants are plotted versys in
Fig. 1. Using the smoothing function outlined in Sect®8,
we obtained reliable values in the range Omol kg1 <6,
at 25°C. Smoothed protonation constants are reported in
Table 3. Mean literature values given in this work are in excel-
lent agreement with those reported by Thurmond and Millero
[19], with differences in logk!! and log k%' amounting to
<0.01 and <0.008, respectively. By comparisbig. 2 plots
the protonation constants of carbonate in NaCjNEtand
Me4NCl as a function of ionic strength. As can be seen, there

Table 3
Smoothed values of carbonate protonation constants &€ Z&holal con-
centration scale) in Nagg

Ilmol kg™t log k%! log K%

0.10 9.880+0.00F 6.1294+0.00F
0.50 9.589+ 0.001 5.999+ 0.002
0.70 9.530+0.001 5.976+ 0.003
1.00 9.476+ 0.002 5.959+ 0.003
1.50 9.435+ 0.002 5.955+ 0.003
2.00 9.426+ 0.003 5.966+ 0.003
3.00 9.457+ 0.003 6.015+ 0.003
4.00 9.523+ 0.003 6.086+ 0.003
5.00 9.611+ 0.003 6.172+ 0.004
6.00 9.715+ 0.006 6.270+ 0.007

a t+Standard deviation.

ditions used to draw this speciation diagram, the formation
curves for HCO3% and HCQ@~ shift by 0.2-0.4 and >0.5
pH units, respectively. These differences can be interpreted
using different models: (a) models which take into account
the differences in activity coefficients in different supporting
electrolytes, such as S[86,37]or Pitzer equationg38,39],
which will be examined in subsequent sections; (b) mod-
els which take into account the formation of ion pairs. The
log K,H versus ionic strength function is quite different, as
already seen, for different supporting electrolytes and the
differences can be interpreted as*Naarbonate complexes
after choosing the baseline supporting electrolyte. In several
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Fig. 1. Literature data for the protonation of carbonate at@5(A) O,
Patterson et al4, Thurmond and Milleroy, Dyrssen and Hansson. (B)
Nasanena, Thurmond and Milleroy, Harned and Bonner}), Dyrssen
and Hansson.
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Fig. 2. log k! vs. (I/molkg *)Y2 in different supporting electrolytes at
25°C. Symbol: O, EuNI; O, NaCl; A, MesNCI (full lines =theoretical
curves).

previous workg44—46], we took EfNI as our baseline in
determining weak alkali metal complex formation constants
with low molecular weight inorganic and organic poly-anions
(see also Sectiof). According to a previously proposed sim-
ple model[43-46], it is possible to calculate weak complex
formation constants from differences in protonation function

Fig. 3. Distribution diagram of carbonate species in different supporting
electrolytes atf=1.0molkg? and 25°C (index: (a) EiNI; (b) NaCl).
Species: (1) HCOs; (2) HCO;~; (3) COs2~. Concentrationfc%zf =
1.0mmol L1,

FE Crea et al. / Talanta 68 (2006) 1102—-1112

Fig. 4. Distribution diagram of carbonate species in NaCk.5 mol L1
at 25°C. Species: (1) CQ (2) HCG;™; (3) NaHCG;; (4) N&COg; (5)
NaCQ;~; (6) COz2~. ConcentrationC¢q,2- = 1.0mmol Lt

S i
1+ B

(8" = 1K) for apparent and baseline protonation constants.
Moreover, it is assumed that dependence on ionic strength is
independent of the different ions and a function only of the
stoichiometry of the reactiojd4,45]:

VT
2431

(= 2nct— ZZ;Z)rod)- K may be the protonation con-

stant (K') or the weak complex formation constantMx

and C and D are empirical parameters, equal for all
species obtained from reactants with the same charges.
The model can be used at moderate ionic strength values,
generally/<1molL~1, and this study examines the range
0<1I/molL=1<0.7. By least squares refinemgd®], we
obtained the results reportedliable 4. The auto-consistency

of this model is quite good: protonation constants calculated
at infinite dilution agree to within 0.02 log units with those
obtained from analysis of literature data, and mean deviations
inlog K,H are <0.01. Overall, in terms of agreement between
experimental and calculated protonation constants the auto-
consistency of the model is better than 5%g. 4 shows the
distribution diagram for N&carbonate speciesin NaCl aque-
ous solution af = 0.5 mol L~ and7'= 25°C. The maximum
yield for NaHCQPC is ~40% at pH 7.5-8.5, with NaC{
yielding ~50% at pH 10 (§ac1=0.5mol L~1); small per-
centages (<10%) are observed for the very weakQ°
species.

p= (5)

log K = log K° — + CI 4 DI®/? (6)

3.5. Dependence on ionic strength according to SIT

The protonation constants of carbonate can be expressed
as a function of activity coefficients as follows:

log K} =log K" + 109 v+ + 109 Yoo, — 109 Yrcos-
)



FE Crea et al. / Talanta 68 (2006) 1102—-1112 1107

Table 4

Protonation and Nacomplex formation constants for carbonate at@§molar concentration scale<0//molL~1 < 1)

Equilibrium logK° cd DP

COz2~ +H*=HCO;~2 10.356+ 0.016 1.549+ 0.018 —0.626+ 0.015
CO32~ +Na' =NaCQy~ 1.15+0.03

CO32~ +H*=CO, + H,02 6.338+ 0.008 0.7554+ 0.012 —0.313+ 0.010
HCO3;~ +Na" =NaHCQy 0.26+ 0.03

NaCQ;~ + Na" =NaCO3 —0.25+ 0.05

2 Mean deviations (Iog(,g'Xp —log Kg'ald) are <0.01 for both protonation steps.

b Empirical parameters for the dependence on ionic strength(§.

The interaction coefficients are not constant for wide
ionic strength ranges, and can be expressed as a function of

log K5 = log K" + log y+ + 109 yco,- — 109 yeo, I by the equation:
—loga
9 ar0 & fog 4 0 Fee (12)
wherea,o is the activity of water that can be calculated from I+1
the osmotic coefficienig of different supporting electrolytes  and
[55,56]at different concentrations:
£oo = £ + W (13)

log an,0 = —0.007824pvm ) )
[note that Eqs(12)and(13)are identical to Eq€2) and(3)].

(v is the number of ions in the electrolyte ands the molal- Protonation data in NaCl from Thurmond and Milld®]
ity). Using literature values ap [56-58], we calculated: and from Bretti et al[47] are
10%log ap,o (NaCl) = —13.04n — 1.124n° (8) Aco, = (105.1— 4.60mnac)1073 (14)
= — — 2 0.0839— 0.136
10°log an,0 (Me4NCl) = —14.50m — 0.58m (8a) e(H*. CI) = 0,136+ 2 (15)
10°10g ap,o (EuNI) = —11.73m+ 2.287nf (8b) _ _
Using Eqgs(8), (14)and(15)we determined (least squares
From the work on solubility by Harned and DayEs3], calculations) the interaction coefficients of carbonate and

Thurmond and Millerd19] obtained: bicarbonate with N4 (seeTable 5) from protonation con-

stants of carbonate in NaCl reportedable 3; the stan-
In yco, = 0.242nac) — 0.0106n{ac) ©) dard deviations on the fit af(log k') were:o(log kt') =
or 0.008 andr(log KZH) = 0.021. For interaction coefficients in

MegNClag and EgNIq we have, fron{50]:

2

10°log yco, = 105.1mnacl) — 4.60m{ac) (9a) o —0173s 0.204— 0.173 .
for the activity coefficient of C@in NaCl. AT =5 I+1

The equation used in SIT treatment of protonation con-
stants at different ionic strengths assumes the form ofBq.
with:

No value forico, in either of the tetraalkylammonium
supporting electrolytes is available. Long and McDeV§3]

L(I) = IAg; + j log a Table 5
( ) i + 7109 akz0 Specific interaction coefficients of carbonate and bicarbonate in NaCl,

i |S the protonatlon Step, the number Of water molecules MesNCl and EfNI at 25°C according to the modified SIT model

involved in the equilibriumg the specific interaction coef- NaCl MesNCI EuNI
ficients and for the protonation of carbonate we have co;2-, m+
(MX =supporting electrolyte) €0 —0.2833 0.7538 1.5951
9 ~0.0026 0.1038 ~1.1761
Aer = e(HT, X7) +e(MT, CO3%7) — e(MT, HCO3™) O 0.00115 ~0.0304 0.2778
a
(10) o 0.004 0.006 0.003
HCO;~, M*
€0 —0.0174 -0.1717 0.0566
Agz = g(HT, X7) + &(MT,HCO3) — Aco, (10a) 9 0.0362 ~0.1633 ~0.5237
) £ ~0.0023 ~0.0171 0
with o? 0.003 0.005 0.001
Aco, = log ¥co, (11) Iimol kg~ max. 6 4 1

mmx 2 Standard deviation on the fit.
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Table 6 Table 8
Pitzer parameterl88] used in this work for single electrolytes Pitzer parameters for carbonate in tetraalkylammonium saltsa 25
Electrolyte O gL c? £O A c?
NacCl 0.0765 0.2664 0.00127 M*, COz2~
MesNCI 0.043 —0.029 0.0078 Et;NI -0.82+ 0.1¢° 447+ 0.18 —-0.16 £ 0.14
Et4NI —0.179 —-0.571 0.0412 MeyNCI 0.04 £+ 0.02 2.46+ 0.05 —0.142+ 0.008
s pme W cor

’ ’ ’ EtsNI —0.544 0.08 0.96+ 0.14 —0.114 0.08

MesNCI —0.16 £ 0.01 0.19+ 0.04 —0.046+ 0.004

reported several data relative to the activity coefficients of 2 +Standard deviation.

COy indifferent electrolytes, and Bergen and Ld60] have

shown the effect of large ion on the same acidic substituted Fy(p) = pa1l + paof + po3l? + 2g8V1 (19a)

benzenes. From these reports, itis evident a quite strong low-

ering ofy inlarge ion salt solutions. Moreover, this effect was f=[1—-@+2VDg

observed in our laboratory for a series of O-ligands, whose

solubility was studi_ed in NaGy, Me4NC_:Iaq and EhNIag (_this g = exp (—Zﬁ)

laboratory, unpublished results). Estimates for activity coef-

ficients of carbon dioxide are: Parameters fopl) in different ionic media have been
reported by Pitzer and are given Tiable 6. The values of

log yco, = (-0.15+0.05)  (Me&sNCl) 17 parametergj1, pi> andpjz are reported iffable 7. For com-

log yco, = (~0.35+0.08) (E4NI) (17a) parison, the values of these parameters in NaC_I are reported
in the same Table. Parameters, pi andp;s are, in turn, a

These may be reasonable values for our calculations, andfunction of Pitzer parameters
the least squares calculations carried out on our experimental1

data gave the interaction coefficients for F:arbonate ipNE SP11= /3,(\%03 + ﬁ(HO>)< - IBl(\g)HCCh
and EiNI (seeTable 5, second and third column, respec-
tively). 0 0

SP21= ﬂﬁ/n)-mos + B

3.6. Dependence on ionic strength according to Pitzer

equation 1 1 1 1
P12 = Bio, + Biix — Buicos — 268x

For the proton carbonate system, Pitzer equations can be

written as follows: P22 = ﬁ(Hl>)< + ﬁy(vl||)4co3 - ﬂm
- 4fY+ F
log K} =log K" + 417+ Filp) (18) "
In 10 _c? Cmcos o? c?
. p13= Cijy + N MHcos T Cmx
o F
log K4 = log K5 + flr']"il(;(p) —log yco, — l0g an,o

¢ ¢ ¢
=Ciy +C +C
(18a) p23 HX MHCO3 MX

where the mixed parametebsandy are neglected. Using the

where coefficients of the supporting electrolyte (showTable 6),
VI it is possible to compute coefficiens®, Y and ¢? for
f¥ =-0.391 11271 +1.667 In(l + 1-2«/7) carbonate in MgNCI and E;NI; these are given iffable 8.
’ Extensive treatment of the activity coefficients of carbon-
ate in NaCl using Pitzer equations has been described by

Fi(p) = p11l + praf + p1al® + 4gB1 (19)  Thurmond and Millerd19], and by Millero and Roy34].
Table 7
Parameterpi1, pi2, piz of Egs.(19) and(19a)at 25°C

pu1 P12 P13 p21 p22 P23 o?
EtsNI —0.1244 5.142 0.0452 0.3529 2.019 —0.0664 0.002
MeyNCI 0.7553 2.627 —0.0455 0.5682 0.5138 —0.0375 0.005
NaCl 0.5178 0.2382 —0.0072 0.5178 0.1747 —0.0115 0.003

2 Standard deviation on the fit.
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4. Discussion
4.1. SIT parameters in different supporting electrolytes

Specific interaction coefficients (Secti8rb, Table 5) are
quite different for different electrolytes, in particular for the
interaction (M, CO327). This is due mainly to the differ-
ent effects of N&, (CH3)4N* and (GHs)4N*cations on the
structure of watef61]. No comparisons with literature can
be made since our data ewalues are presented here for the
first time. It is also worth mentioning that the use of a mod-
ified SIT equation allows the ionic strength range for alkali
metal electrolytes # 3molkg 1) to be extended and per-
mits interaction coefficients for tetralkylammonium salts to
be calculated too. Fitting Iogl;’iH in NaCl using the classic
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although more complicated, is more appropriate than the SIT
model in mixed supporting electrolytes such as natural fluids,
especially hyper saline water. This is due to the fact that it
also considers the interactions of ions with the same charge
or triple ion interactions, which can be quite significant at
I>1mol L~1[38,39].

4.4. Ion pair formation model

The model which uses the formation of alkali metal ion
pairs to explain dependence on medium suffers from two
weaknesses: (i) the arbitrary choice of a baseline background
electrolyte and (ii) the implicit assumption that =y and
YHA = YHA, Whereya andypa are the activity coefficients
of Aand HA in the baseline electrolyte, apg' andypa’, are

one-parameter SIT equation gives significantly worse results, the same quantities in the interacting electrolyte, corrected for

with o2 /02 = 2.3 and 2 for logkH and log kY, respectively.
0 9K 9K, p Y.

ion pair formation. The firstissue has been discussed in many

The same equation also gives quite unreliable results for pro-papers, where a consistently; Bt > MesN* > K* > (or =)

tonation constants in M&* and E4N*, even at low ionic
strength values.

4.2. Pitzer parameters in different supporting
electrolytes

Na* > Li*[44,45,48,62—-69]rend is observed for the pro-
tonation of carboxylic and inorganic acids, and these dif-
ferences, in turn, are an increasing function of poly-anion
charge. Moreover, a study of weak alkali metal complexes
using M"—ISE electrodef70] showed that consistent results
are obtained from the\log Kt (EyNI) method and direct

No comparisons with literature data can be made, becausd SE measurements. Therefore, it would seem reasonable to
Pitzer parameters for tetraalkylammonium electrolytes are assume ENI to be the baseline, though not an absolute

reported here for the first time. However, if we compare
our results (se&able 8) for tetraalkylammonium electrolytes
with those reported by Thurmond and Millef0d] in NaCl

[as an example for NaCO32~, 8 =0.0362,81) =1.510,

one. The second assumption is more difficult to justify, but
here again empirical evidence is of help. First of all, it is

necessary to define an ionic strength range in which the
assumption may be valid, and this was indicated in previous

C?®=0.0052], we can conclude that Pitzer parameters alsoworks[43-45,62,66}0 be 0< //molL~1 < 1. In this range,
differ noticeably depending on the supporting electrolyte the results obtained usinglogkt (EyNI) and M*—ISE
under consideration. Data reported for tetraalkylammonium methods are quite consistent; in addition, all alkali me@d

electrolytes are valid if (a) the approximation [E{k7) and
(17a)] for the activity coefficient of C@is suitable, and
(b) neglecting® and ¥ terms does not significantly alter

ligands behave in a very similar way. Even if these factors do
not unambiguously demonstrate the validity of the method,
they furnish two important pieces of information: (a) an esti-

the results. At the moment, there is no way to verify these mate of the formation constants of'MA*~ ion pairs and (b)

assumptions buys; values for Eqs(19) and(19a)are valid

a comparison of the strengths of different weak complexes

since they are independent of the above assumptions. Wherior different alkali meta-O— ligand systems. In particular,

yco, (in MesNCl and E4NI), @ andy¥ parameters become
available, news©@, M) andC? values can be calculated.

4.3. Comparisons between SIT and Pitzer treatment of
protonation data

Both models work very well for the protonation of car-

point (b) must be affected by the above assumptionsto a lesser
extent.

Several investigations have reported on the formation of
weak complexes based on differences in protonation con-
stants when tetramethylammonium chloridé,71,72]or,
in a few cases, CsCl ([73nd references therein) is used
as the baseline salt. This approach may be correct in prin-

bonate in tetraalkylammonium electrolytes. All the results ciple but can lead to some difficulties in interpretation. If,

obtained in this work show that there is no significant dif-

on the one hand, all tetraalkylammonium cations (ant) Cs

ference in fitting ability between SIT and Pitzer treatment of are considered incapable of interacting significantly with

protonation data, as can be seefig. 5a and b, where some
residual plots of IogKlH (i = 1,2)in EyNI and MgNCl are

carboxylic anions, on the other there is abundant evidence
that MgN* and C$ have a lowering effect on carboxy-

reported in a wide ionic strength range. The SIT model is late protonation constan{62]. Recently, Capewell et al.
very simple to use and gives good results for protonation [33] reported formation constants for Naarbonate weak

and formation equilibria in single or mixed supporting elec-

complexes using protonation constants in Gg@HesNClyq

trolytes by taking into account only interactions between and NaClq media, and ISE-Napotentiometric measure-
opposite charges. However, the model proposed by Pitzerments. They found logN2=0.40+0.05 (/=1.0 mol L1,
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Fig. 5. (a) Residual plots for comparison of SIT and Pitzer treatment of protonation datKl'ibogt different ionic strength values afit= 25°C (symbol:
W, SIT; A, Pitzer). (b) Residual plots for comparison of SIT and Pitzer treatment of protonation daﬂag(m different ionic strength values affg- 25°C
(symbol:Hl, SIT; A, Pitzer).

Me4NCl) and |09KN6:1_zgi 0.05 (/=0mol Lt extrap- stants of some Na-organic and inorganic ligand species

olation of data obtained in Csgmedium). By performing  using the Alogk™ (EuNI) method, and some results are

analogous calculations using our data (protonation constantgeported inTable 9. The formation constants of carbonate

in NaClq from literature analysis and in MBICI), we found complexes are fairly close to those of the other systems,

log kN2=0.96+0.15 and 0.7%0.12 at//molL~1=0 and and for the data shown iflable 9we have average val-

1, respectively. The order of magnitude of formation con- ues of logk (Na"+L?~=NalL~)=0.95+0.15 and log

stants is comparable but calculation of formation percent- (Na*+HL~=NaHL%) =0.15+0.15, indicating that these

ages allowed significant discrepancies to be observed. But-weak interactions are not specific in nature.

tler and Hustorj74], employing both sodium amalgam and

ISE-Na electrodes found logN2=0.96 at/=0molkg*. 4.5. Final remarks

Garrels et al.[75] reported (pH-activity measurements,

I1=0molL™1) logkN2=1.27, and Pytkowicz and Hawley Thiswork is the firstto report carbonate protonation datain

[24] obtained (ISE-Ff1 measurements in artificial seawater, aqueous tetraalkylammonium salts in a wide ionic strength

1=0.7mol L") log kN2=0.63. The latter data from literature  range, and results and literature data are discussed. Differ-

are also quite consistent, but the problem of interpretation ent models were used to express the functiorkByersus

remains and we need further (and independent) experimentalonic strength. We must stress the importance of providing

evidence and in-depth analysis of literature data. thermodynamic data for the protonation of poly-anions of
Our research group has already published some papersinalytical and environmental interest in different electrolyte

dealing with the determination of weak formation con- solutions, since both dependence on ionic strength and (to an
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Table 9

1111

[18] D. Dyrssen, I. Hansson, Mar. Chem. 1 (1973) 137.

Formation constants of Na—L systems, with L = dicarboxylates, phosphates[19] V. Thurmond, F.J. Millero, J. Sol. Chem. 11 (1982) 447.

and sulphates dt=0mol L~ and7T=25°C

System log kM
Na(succinate)? 0.85
Na(Hsuccinat&p 0.15
Na(malonate)? 0.91
Na(Hmalonaté? —0.04
Na(malate) @ 0.66
Na(Hmalate§2 0.15
Na(maleate)? 1.18
Na(Hmaleaté? 0.10
Na(HPQ)~P 1.07
Na(H,POy)° 0.28
Na(SQ)~¢ 0.80
Na(sQ)~d 0.73
Na(COs)~¢ 1.15
Na(HCQs)0¢ 0.26

a Daniele et al[44].

b Daniele et al[76].

¢ De Robertis et al[70].
d Martell and SmitH9].
€ This work.

[20] C.S. Patterson, R.H. Busey, R.E. Mesmer, J. Sol. Chem. 13 (1984)
647.

[21] F.J. Millero, V. Thurmond, J. Sol. Chem. 12 (1983) 401.

[22] I. Hansson, Acta Chem. Scand. 27 (1973) 931.

[23] R.M. Pytkowicz, Limnol. Oceanogr. 20 (1975) 971.

[24] R.M. Pytkowicz, J.E. Hawley, Limnol. Oceanogr. 19 (1974) 223.

[25] M. Whitfield, Limnol. Oceanogr. 19 (2) (1974) 235.

[26] F.J. Mojica Prieto, F.J. Millero, Geochim. Cosmochim. Acta 66
(2002) 2529.

[27] I. Hanson, Deap-Sea Res. 20 (1973) 461.

[28] C. Mehrbach, C.H. Culberson, J.E. Hawley, R.M. Pytkowicz, Limnol.
Oceanogr. 18 (1973) 897.

[29] C. Goyet, A. Poisson, Deep-Sea Res. 36 (1989) 1635.

[30] R.N. Roy, L.N. Roy, M. Lawson, K.M. Vogel, C. Porter-Moore, W.
davis, F.J. Millero, D.M. Campbell, Mar. Chem. 44 (1993) 249.

[31] F.J. Millero, Geochim. Cosmochim. Acta 59 (1995) 661.

[32] F.J. Mojica, F.J. Millero, Geochim. Cosmochim. Acta 66 (2002)
2529.

[33] S. Capewell, G. Hefter, P.M. May, J. Sol. Chem. 10 (1988) 865.

[34] F.J. Millero, R.N. Roy, Croat. Chem. Acta 70 (1997) 1.

[35] C. De Stefano, C. Foti, A. Pettignano, S. Sammartano, Talanta 64
(2004) 510.

[36] G. Biedermann, Dahlem Workshop on the Nature of Seawater,
Dahlem Konferenzen, Berlin, 1975, pp. 339-362.

[37] L. Ciavatta, Ann. Chim. 70 (1980) 551.

even grea‘[er degree) dependence on ionic media are of fun[.38] K.S. Pitzer, Activity Coefficients in Electrolyte Solutions, second

damental importance. SIT and Pitzer interaction parameters

together with formation constants for weak Nian pairs,
are a contribution to the building of databases of analytical,
biological and environmental interest.
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