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Parameters for the dependence on ionic strength of activity coefficients for several protonated and unprotonated
mono-hexacarboxylates in (C2H5)4NI and (CH3)4NCl aqueous solution were calculated from protonation data [31
polycarboxylates, 613 protonation constants atT ) 298 K, 1244 atT * 298 K, in (C2H5)4NI; 16 polycarboxylates,
433 protonation constants atT ) 298 K, 308 atT * 298 K (T ) 278 K to 328 K), in (CH3)4NCl], at different
ionic strengths [0 mol‚kg-1 e I e 1.2 mol‚kg-1, for (C2H5)4NI and 0 mol‚kg-1 e I e 3.9 mol‚kg-1, for (CH3)4-
NCl)] using a modified SIT model. In this model, the interaction coefficients are considered as dependent on
ionic strength according to the equationε ) ε∞ + (ε0 - ε∞)/(I + 1). The analysis of protonation data showed that
the parameters for the dependence on both ionic strength and temperature are a simple function of the charge of
carboxylate species. Mean values of interaction coefficients are given by the relationshipsε ) εjz2; εj∞ ) -0.0188
and-0.0063;εj0 ) 0.2420 and 0.1642 for (C2H5)4NI and (CH3)4NCl, respectively. For the activity coefficients
of neutral species, a simple relationship as a function of the numbern of carboxylic groups was found: logγN

) kmI (km ) Setschenow coefficient);km ) khm‚n, khm ) -0.0198 and 0.0055, for (C2H5)4NI and (CH3)4NCl,
respectively. Mean values of interaction coefficients were also reported for some synthetic and natural
polyelectrolytes in (C2H5)4NI (εj∞ ) -0.007; εj0 ) 0.199). Furthermore, calculations were made to find the
parameters of Pitzer equations. Also in this case, we found a simple relationship betweenâ(0) andâ(1) parameters
and species charges. A comparison is given between the SIT and Pitzer models. An almost perfect correlation
was found between the SIT and Pitzer coefficients.

Introduction

Acid-base properties of (poly)carboxylates in aqueous solu-
tion are strongly dependent on the ionic medium, and a large
amount of thermodynamic data on the protonation of these
ligands have been reported in the literature.4-12 Most of these
data were obtained in aqueous solutions containing, as support-
ing electrolytes, alkali metal chlorides, nitrates, and perchlorates.
Protonation of carboxylates in aqueous tetraethylammonium
iodide and tetramethylammonium chloride has been widely
studied in this laboratory.13-29 Protonation constants in different
supporting electrolytes follow almost always the trend Li+ <
Na+ < K+ , (CH3)4N+ < (C2H5)4N+, independent of the anion
(Cl-, NO3

-, ClO4
-, Br-, I-), and often, tetraalkylammonium

salts have been used as a baseline in the quantitative determi-
nation of the interaction between carboxylates and alkali metal
cations. In fact, from the study of the dependence on ionic
strength of weak acid protonation constants in different ionic
media, it is possible to determine the weak complex formation
constants of one of the medium cations if it can be assumed
that the cation of the other salt does not form complexes (often
this procedure is called “∆pK method”). It can also be assumed
that activity coefficients are approximately the same in both
ionic media if their ionic strengths are also the same. From a
comparison of weak complex formation constants obtained using

this method (protonation constants in (C2H5)4NI and in a sodium
salt atI e 1 mol‚dm-3) with those obtained with other methods
(conductimetry, ion selective electrodes, etc.), it has been
possible to observe consistent results (this frequently does not
happen using other tetraalkylammonium salts).13,16-18,21-24 The
use of other tetraalkylammonium salts as supporting electrolytes
in these studies can also be of interest because it has been shown
that small formation constants obtained in (C2H5)4NI and (CH3)4-
NCl converge to the same value at infinite dilution.30 Specific
effects on the properties of solutions containing tetraalkylam-
monium salts, such as protonation constants, metal complex
formation constants, and solubility (salting effects are often
opposite with respect to those shown by alkali metal salts26,27),
are due mainly to the different water structure breaking/ordering
of these salts in comparison with inorganic salts. To understand
these effects, it is important to study the solution properties in
tetraalkylammonium salts at different concentrations (and in
different temperature conditions).

The dependence on ionic strength of protonation constants
can be used to calculate the activity coefficients of the different
protonated and unprotonated species of different types of
ligands, using different approaches such as SIT31-38 and
Pitzer39,40 models described in the following sections. Pitzer
equations, used in a large number of papers on equilibrium
studies,41-47 are quite complete and allow activity coefficients
to be modeled in a wide range of ionic strengths. Nevertheless,
Pitzer equations are quite complicated and in some cases difficult
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to handle. The SIT approach has the advantage of being quite
simple but, in its original version, is not very accurate in fitting
γ values atI < 0.5 mol‚kg-1 and atI > 3 mol‚kg-1. Another
interesting one-parameter equation for the dependence on ionic
strength of activity coefficients has been proposed by Bromley48

and has been widely used by Madariaga and co-workers49-51

for the dependence of protonation and metal complex formation
constants on ionic strength.

In this paper, we used a modified version of the SIT model,
previously proposed,1-3 and we report parameters for the
dependence on ionic strength of activity coefficients of car-
boxylates in aqueous (C2H5)4NI and (CH3)4NCl solutions, at
different temperatures (278 Ke T e 328 K) and ionic strengths
[0 mol‚kg-1 e I e 1.2 mol‚kg-1 for (C2H5)4NI and 0 mol‚kg-1

e I e 3.9 mol‚kg-1 for (CH3)4NCl]. In Table 1, the (poly)-
carboxylic acids taken into consideration in this work, together
with the relative abbreviations, are reported.

Protonation data of several synthetic and natural polyelec-
trolytes were also taken into account, and the relative mean
interaction coefficients are reported.

SIT Model

Protonation constants of carboxylates in a salt solution can
be expressed by (Lz- ) anion carboxylate)

where

TKi
H is the protonation constant at infinite dilution, andγ is the

activity coefficient of a single species. According to the SIT
model, the molal activity coefficientγj of an ion j of chargezj

is given by

Table 1. Carboxylates Taken into Account in This Work

carboxylate abbr. ionic medium T/K ref

formiate Form Et4NI 278,283,288,298,308,310,318,328 14,15,19
acetate Ac Et4NI 278,288,298,308,310,318,328 14,17,19

Me4NCl 298 28
propionate Prop Et4NI 278,283,288,298,308,318,328 15,19
salicilate Sal Et4NI 278,288,298,308,318,328 19
phenoxyacetate Phen Et4NI 283,298,310,318 16,19
benzoate Benz Et4NI 310 14,19
oxalate Ox Et4NI 283,298,318 13,14,19,20,25
malonate Mal Et4NI 283,288,298,308,310,318 14,15,19,25

Me4NCl 298 28
succinate Succ Et4NI 288,298,308,310,318 14,15,19,25

Me4NCl 298 28
tartrate Tar Et4NI 283,293,298,303,310,313 14,19

Me4NCl 288,298,308,318 29
itaconate Ita Et4NI 283,288,298,308,318 15,19
oxidiacetate Oda Et4NI 283,293,298,303,313,323 15,19
thiodiacetate Tda Et4NI 283,288,298,308,318 15,19
thiodipropionate Tdp Et4NI 283,288,298,308,318 15,19
phthalate Pht Et4NI 278,283,288,298,308,310,318,328 14,15,19,262

Me4NCl 298 6
malate Mala Et4NI 278,288,298,308,310,318,328 14,15,19

Me4NCl 288,298,308,318 29
maleate Male Et4NI 283,293,298,303,313 14,19
glutarate Glu Et4NI 298 25
adipate Adip Et4NI 298 25a

Me4NCl 298 a
pimelate Pim Et4NI 298 25a

Me4NCl 298 a
suberate Sub Et4NI 298 25,27

Me4NCl 298 27
azelate Aze Et4NI 298 24,25,27

Me4NCl 298 27
sebacate Seb Et4NI 298 27

Me4NCl 298 27
diethylenetrioxydiacetate Toda Et4NI 298 24
1,2,3-propanetricarboxylate, tricarballylate Tca Et4NI 278,288,298,308,318278,288,298,308,318 22

Me4NCl 278,288,298,308,318 28,29
2-methyl-1,2,3-propanetricarboxylate Mtca Me4NCl 298 28
citrate Cit Et4NI 283,293,298,303,310,313,323 14,19

Me4NCl 298 28
1,2,3-benzenetricarboxylate 123btca Et4NI 283,293,298,303,313,323 19
1,2,4-benzenetricarboxylate 124btca Et4NI 298 19
butanetetracarboxylate Btc Et4NI 278,288,298,308,318 21

Me4NCl 278288,298,308,318 28,29
1,2,4,5-benzenetetracarboxylate Pymel Et4NI 283,293,298,303,313,323 18,19
benzenehexacarboxylate, mellitate Mlt Et4NI 298 23

Me4NCl 298 28

a Unpublished data from this laboratory.

log Ki
H ) log TKi

H + log γ(H+ ) +

log γ(Hi-1L
(i-1-z)) - log γ(HiL

(i-z)) (1)

Ki
H )

[H iL
(i-z)]

[H i-1L
(i-1-z)][H+ ]

(2)

log γj ) zj
2 AxI

1 + 1.5xI

+ ∑
k

εj,kmk (3)
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whereε is the specific interaction coefficient of thejth ion and
the sum is extended over all ionsk present in solution at the
molality mk. Activity coefficients for the neutral species are
given by the linear relationship

wherekm is the Setschenow coefficient.52 By combining eqs 1
to 3, we can write

where I is the ionic strength in the molal concentration scale
and

(θ ) 298.15 K). In a generic salt MX we have

In the classic SIT approach,ε parameters are true constants,
but recently, a modified version of the SIT equation was used,1-3

in which interaction coefficientsε are not constant but depend
on ionic strength according to the simple relationship

Another expression was previously proposed for taking into
account the dependence on ionic strength ofε34-37

Very often, fitting experimental data (activity coefficients or
related parameters, such as protonation constants at different
ionic strengths) to eqs 5a or 5b gives very similar results, but
we observed in general a small statistical improvement when
using eq 5a.

Literature values of HI (ε∞ ) 0.173,ε0 ) 0.204)2 and of HCl
[ε∞ ) 0.136+ 0.07165 (1/298- 1/T) + 0.1159 (298/T - 1 +
ln(T/298)); ε0 ) 0.0848 - 0.1024 (1/298- 1/T) + 0.1970
(298/T - 1 + ln(T/298))]1,2 were used in the calculations.
Temperature gradients of HI, calculated in this work, are∂ε∞/
∂T ) -0.0024( 0.0005 and∂ε0/∂T ) 0.0094( 0.0015.

Pitzer Model

According to the Pitzer equations,39,40 in the presence of a
1:1 salt MX, the activity coefficients of a cation or an anion
are given by

[L ) Hi-1L i-1-z or HiL i-z], and for neutral species

where

with

(c,a ) generic cation and anion, respectively).â(0), â(1), and
C(φ) represent interaction parameters between two ions of
opposite sign;θ represents an interaction parameter between
two ions of the same sign (+ +, - - interactions);ψ is a triplet
interaction parameter (+ - +, - + -); andλ is an interaction
parameter of neutral species. AtI < 2 mol‚kg-1, theC(φ) term
can be neglected. Literature values were used for the interaction
parameters of HI, HCl, (C2H5)4NI, and (CH3)4NCl. In particular,
we used the following. For HI:â(0) ) 0.2211, 104·∂â(0)/∂T )
-0.23, â(1) ) 0.4907, 104·∂â(1)/∂T ) 8.86. For HCl: â(0) )
0.1775, 104·∂â(0)/∂T ) -3.08,â(1) ) 0.2945, 104·∂â(1)/∂T ) 1.42.
For (C2H5)4NI: â(1) ) -0.571, 104·∂â(1)/∂T ) 92.0. For (CH3)4-
NCl: â(1) ) -0.029, 104·∂â(1)/∂T ) 49.0.40 Concerning theθ
and ψ parameters, they are not reported in the literature for
(C2H5)4NI and (CH3)4NCl media and so were considered equal
to zero in our calculations.

Owing to the complexity of the Pitzer equations, we also
tested a simplified version depending on three empirical
parameters only

whereP1, P2, andP3 are empirical parameters;f1 is defined by
eq 6g, and

Analogous to Pitzer equations, atI < 2 mol‚kg-1, theP3 term
can be neglected.

Results

(C2H5)4NI Ionic Medium. Protonation constants of carboxy-
lic acids in (C2H5)4NI reported in Table 1 were used to calculate
parameters of the SIT equations. Calculations were performed
by considering the different eqs 4 to 5b.

In Tables 2 to 4, we report the∆ε∞ and ∆ε0 values (eq 4)
together with the relative temperature gradients. Analysis of data
reported in these tables allows the following general observa-
tions:

(a) Values of∆ε0 are significantly higher than those of∆ε∞,
the ratio∆ε0/∆ε∞ generally being> 6.

log γN ) kmI (3a)

log Ki
H ) log TKi

H - z*
AxI

1 + 1.5xI
+ I∆ε (4)

z* ) ∑ (charge)reactants
2 - ∑ (charge)products

2

A ) 0.510+ 76.286(1θ - 1
T) + 1.4189(θ

T
- 1 + ln

T
θ )

∆ε ) [ε(H+, X- ) +
ε(Mz+, Hi-1L

i-1-z) - ε(Mz+, HiL
i-z)] (5)

ε ) ε∞ +
ε0 - ε∞

I + 1
(5a)

ε ) ε
(0) + ε

(1) ln(1 + I) (5b)

ln γH+ ) f γ + 2I(BHX + ICHX) +

I2(B′MX + CMX) + I(2θHM + IψHMX) (6)

ln γL ) zL
2f γ + 2I(BML + ICML) +

I2(zL
2B′MX + zLCMX) + I(2θLX + IψLMX) (6a)

ln γN ) 2λI (6b)

Bc,a ) âc,a
(0) +

âc,a
(1)

2I
f1 (6c)

B′c,a )
âc,a

(1)

2I2
f2 (6d)

Cc,a )
Cc,a

(φ)

2|zcza|1/2
(6e)

f γ ) -Aφ[I
1/2(1 + 1.2I1/2)-1 + 1.667 ln(1+ 1.2I1/2)] (6f)

f1 ) 1 - (1 + 2I1/2) exp(-2I1/2) (6g)

f2 ) -1 + (1 + 2I1/2 + 2I) exp(-2I1/2) (6h)

Aφ ) 0.3912+

6.636‚10-4(T - 298)+ 3.562‚10-6(T - 298);T/K

ln Ki
H ) ln TKi

H + 2zfγ + 2P1I + P2 f1 + P3I
2 + zâMX

(1)f2 (7)

f2 ) I exp(-2I1/2) (7a)
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(b) Both∆ε∞ and∆ε0 increase regularly with increasingz*;
for example, for∆ε0 we have, by considering all the protonation
data with 2e z* e 8, ∆ε0 ) 0.23 (( 0.02)z*.

(c) Temperature gradients are quite small, generally< 1 %,
with respect to the values of the relative parameter.

Observation (a) clearly indicates that the classic SIT approach
(one parameter) cannot be applied to the system under inves-
tigation because forε ) true constant we must have∆ε∞ )
∆ε0 [where∆ε is defined in eq 5]. This is confirmed also by
higher values of the standard deviation in the fit obtained by
using the classic SIT approach with respect to those reported
in Tables 2 to 4: for example, we obtainσ ) 0.047, 0.028, and
0.036 for malonate, tricarballylate, and butanetetracarboxylate,
respectively, when consideringε as a true constant. Figure 1
shows the comparison between experimental and calculated

values of the first protonation constant of malonic acid, by using
a one-parameter or two-parameter SIT equation. As a conse-
quence of observation (b), we must have constant∆ε values
for eachz*: mean values are reported in Table 5. Standard
deviations of∆ε parameters reported in Table 5 are< 20 %
for ∆ε∞ and< 0.5 % for∆ε0. A further step to obtain general

Table 2. SIT Parameters (Equation 4) atT ) 298 K, Together with
Temperature Gradients, for Monocarboxylates in Et4NI

carboxylate ∆ε∞a ∆ε0 104‚∂∆ε0/∂T σb

Form 0.037( 0.007c 0.376( 0.005c 41 ( 1c 0.015
Ac 0.061( 0.005 0.483( 0.004 47( 1 0.006
Prop 0.131( 0.003 0.522( 0.003 39( 1 0.012
Sal 0.023( 0.015 0.332( 0.013 17( 4 0.015
Phen 0.297( 0.018 0.403( 0.015 15( 4 0.016
Benz 0.072( 0.009 0.506( 0.011 - 0.002

a The temperature gradient for∆ε∞ was kept constant, 104·∂∆ε∞/∂T )
-11. b Standard deviation on the fit.c ( std. dev.

Table 3. SIT Parameters (Equation 4) atT ) 298 K, Together with
Temperature Gradients, for Dicarboxylates in Et4NI

carboxylate ia ∆ε∞b ∆ε0 104‚∂∆ε0/∂T σc

Ox 1 0.022( 0.023d 1.054( 0.018d 51 ( 6d 0.042
2 0.116( 0.039 0.453( 0.029 21( 9

Mal 1 0.131( 0.010 1.051( 0.011 111( 3 0.020
2 0.077( 0.013 0.528( 0.011 19( 5

Succ 1 0.081( 0.007 0.900( 0.008 34( 3 0.015
2 0.093( 0.008 0.554( 0.008 18( 5

Tar 1 0.073( 0.004 0.851( 0.004 49( 1 0.012
2 0.091( 0.003 0.513( 0.002 17( 1

Ita 1 0.132( 0.005 0.932( 0.003 61( 1 0.009
2 0.078( 0.009 0.528( 0.007 0.4( 3

Oda 1 0.071( 0.004 0.847( 0.004 56( 1 0.005
2 0.045( 0.003 0.441( 0.003 17( 1

Tda 1 0.097( 0.017 0.745( 0.014 64( 4 0.022
2 0.022( 0.018 0.581( 0.016 -2 ( 5

Tdp 1 0.116( 0.012 0.887( 0.010 66( 3 0.016
2 0.119( 0.010 0.592( 0.006 16( 3

Pht 1 0.281( 0.011 1.155( 0.011 117( 3 0.026
2 0.215( 0.010 0.464( 0.010 14( 2

Mala 1 0.075( 0.005 0.868( 0.005 66( 2 0.009
2 0.072( 0.005 0.491( 0.004 27( 1

Male 1 0.259( 0.014 1.157( 0.013 31( 9 0.022
2 0.096( 0.006 0.569( 0.007 14( 3

Glu 1 0.103( 0.019 0.822( 0.017 - 0.006
2 0.173( 0.019 0.500( 0.015 -

Adip 1 0.059( 0.011 0.974( 0.009 - 0.015
2 0.275( 0.023 0.365( 0.026 -

Pim 1 0.095( 0.024 0.917( 0.021 - 0.012
2 0.334( 0.038 0.355( 0.032 -

Sub 1 0.311( 0.009 0.699( 0.005 - 0.005
2 0.184( 0.016 0.574( 0.012 -

Aze 1 0.185( 0.006 0.909( 0.006 - 0.007
2 0.145( 0.008 0.648( 0.003 -

Seb 1 0.177( 0.016 0.998( 0.017 - 0.016
2 0.212( 0.025 0.336( 0.021 -

Toda 1 0.102( 0.011 0.834( 0.013 - 0.009
2 0.119( 0.017 0.529( 0.021 -

a Index i referes to eq 1.b The temperature gradient for∆ε∞ was kept
constant, 104·∂∆ε∞/∂T ) -23 and-11 for i ) 1 and 2, respectively.c

Standard deviation on the fit.d ( std. dev.

Figure 1. Comparison between experimental (0) and calculated values of
the first protonation constant of malonic acid in Et4NI, by using the one-
parameter (dash line, eq 4) or two-parameter (dot line, eqs 4 and 5a) SIT

equation{DH ) Debye-Hückel term) -4[0.51xI/(1 + 1.5xI)]}.

Table 4. SIT Parameters (Equation 4) atT ) 298 K, Together with
Temperature Gradients, for Tri-, Tetra-, and Hexa-carboxylates, in
Et4NI

carboxylate ia ∆ε∞b ∆ε0 104‚∂∆ε0/∂T σc

Tca 1 0.421( 0.007d 1.179( 0.005d 81 ( 1d 0.005
2 0.305( 0.004 0.791( 0.004 55( 1
3 0.178( 0.006 0.395( 0.004 54( 1

Cit 1 0.166( 0.004 1.382( 0.003 33( 1 0.006
2 0.070( 0.002 0.859( 0.002 12( 1
3 0.062( 0.006 0.492( 0.004 -11 ( 2

123btca 1 0.130( 0.006 1.307( 0.0055 63( 2 0.006
2 0.1109( 0.006 0.928( 0.0055 37( 1
3 0.151( 0.005 0.653( 0.0046 20( 1

124btca 1 0.175( 0.007 1.381( 0.0074 - 0.002
2 0.008( 0.005 0.745( 0.0053 -
3 0.118( 0.005 0.576( 0.0049 -

Btc 1 0.614( 0.019 1.593( 0.015 27( 6 0.001
2 0.429( 0.013 1.157( 0.010 38( 5
3 0.333( 0.011 0.842( 0.009 23( 3
4 0.239( 0.010 0.419( 0.007 51( 3

Pymel 1 0.272( 0.041 1.537( 0.041 164( 11 0.004
2 0.178( 0.029 1.117( 0.031 108( 8
3 0.077( 0.015 0.777( 0.015 41( 3
4 0.140( 0.020 0.656( 0.020 24( 6

Mlt 1 1.001( 0.028 1.969( 0.021 - 0.009
2 1.069( 0.033 2.002( 0.027 -
3 0.949( 0.018 1.836( 0.008 -
4 0.926( 0.016 1.624( 0.012 -
5 0.864( 0.036 1.581( 0.028 -
6 0.977( 0.047 1.032( 0.035 -

a Index i referes to eq 1.b The temperature gradient for∆ε∞ was kept
constant, 104·∂∆ε∞/∂T ) -40, -36, -23, and-11 for i ) 1, 2, 3, and 4,
respectively.c Standard deviation on the fit.d ( std. dev.

Table 5. Mean Values of∆E∞ and ∆E0, in Et4NI and at T ) 298 K

z* ∆ε∞ ∆ε0 σa

2 0.105( 0.013b 0.508( 0.012b 0.04
4 0.107( 0.022 0.952( 0.020 0.06
6 0.181( 0.031 1.282( 0.029 0.04
8 0.206( 0.035 1.712( 0.050 0.05

a Standard deviation on the fit.b ( std. dev.
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predictive equations is to consider the protonation data altogether
at differentz* values; namely

Preliminary trials showed that values forz* ) 2 deviate
significantly from the overall fit, and therefore, we calculated
separatelya of eq 8. Results of this are

How can this difference be explained? Let us consider the
expression for∆ε (∆ε∞ or ∆ε0) for z* ) 2 andz* > 2. Forz*
) 2, we have

For z* > 2, we may write

On the basis of previous observations, according to which
∆ε ) az*, we may write for the single specific interaction
coefficient

By performing suitable calculations, we found thatεj is fairly
constant for all the (poly)carboxylates considered here, and in
addition, we observed a better fit whenkm is expressed as a
function of n (number of carboxylic groups), namely

Moreover, calculations showed thatε parameters can be
expressed by using eq 5a or 5b.

The same behavior was found for the Pitzer and simplified
Pitzer parameters, for which we can write

with P ) â(0) or â(1) (eqs 6 to 6h) orP1 or P2 (eqs 7 to 7a).
Mean values of parameters obtained by using different models
are reported in Table 6.

In the same table, we report the mean temperature gradients
for the different models, calculated from protonation constants
at different temperatures (278 Ke T e 328 K).

(CH3)4NCl Ionic Medium. Table 1 shows carboxylic acids
in (CH3)4NCl considered in this paper. Protonation constants
are relative to different ionic strengths (0 mol‚kg-1 e I e 3.9
mol‚kg-1) and temperatures (278 Ke T e 328 K). For these
data, we followed the same procedure used for (C2H5)4NI.
Previously, we calculated∆ε∞ and∆ε0 values (eq 4) for each
carboxylic acid. Results are reported in Table 7. Subsequent
calculations considering the protonation data altogether showed
that, for this ionic medium too, the values ofε∞, ε0, ε(0), ε(1),
â(0), â(1), P1, andP2 parameters were fairly constant for all the
polycarboxylates. Their mean values are reported in Table 6.
Temperature gradients from data atT * 298 K are reported in
the same table.

Parameters for the Dependence on Ionic Strength Using
the Molar Concentration Scale. Interaction coefficients in the
molar scale were calculated analogously to the molal scale. In
this case, eq 3 can be written as

Table 6. Mean Values of Interaction Coefficients for the Dependence on Ionic Strength, Together with Temperature Gradients, for Carboxylate
Ligands in Et4NI and in Me4NCl, Both in Molal and Molar Concentration Scales

Et4NI Me4NCl Et4NI Me4NCl

eqs 4,5a εj∞ -0.019( 0.003a -0.006( 0.001a 104‚∂εj∞/∂T 1.2( 0.4a -5.6( 0.5a

εj0 0.242( 0.002 0.164( 0.002 104‚∂εj0/∂T 1.2( 0.2 7.0( 0.6
khm

(0) -0.020( 0.001 0.006( 0.001 104‚∂khm
(0)/∂T 5.0( 0.5 1.6( 0.2

σb 0.069 0.067 σ 0.055 0.028
eqs 4,5a εj(0) 0.221( 0.001 0.113( 0.001 104‚∂εj(0)/∂T 0 2.7( 0.7

εj(1) -0.158( 0.002 -0.055( 0.001 104‚∂εj(1)/∂T 2.6( 0.3 -3.6( 0.4
khm

(0) -0.020( 0.001 0.005( 0.001 104‚∂khm
(0)/∂T 4.9( 0.2 1.7( 0.3

σb 0.068 0.072 σ 0.054 0.034
eqs 6 to 6h âh(0) -0.034( 0.003 0.015( 0.001 104‚∂âh(0)/∂T 3.7( 0.7 -1.9( 0.2

âh(1) 1.047( 0.008 0.616( 0.004 104‚∂âh(1)/∂T -18.3( 1.7 2.3( 1.3
λh -0.025( 0.001 0.010( 0.001 104‚∂λh/∂T 3.9( 0.2 1.1( 0.2
σb 0.069 0.071 σ 0.055 0.030

eqs 7 to 7a Ph1 0.029( 0.003 0.052( 0.001 104‚∂Ph1/∂T 2.1( 0.2 1.9( 0.3
Ph2 0.917( 0.007 0.527( 0.002 104‚∂Ph2/∂T -11.1( 2.8 -9.0( 1.4
σb 0.075 0.082 σ 0.057 0.039

eqs 9 to 9a bh∞ -0.025( 0.004 -0.007( 0.001 104‚∂bh∞/∂T -1.3( 1.4 -7.5( 0.8
bh0 0.198( 0.002 0.143( 0.002 104‚∂bh0/∂T -3.3( 1.1 7.4( 0.8
khc

(0) 0.013( 0.001 0.014( 0.001 104‚∂khc
(0)/∂T 29.6( 0.8 3.4( 0.7

σb 0.074 0.059
eqs 9,9b bh(0) 0.184( 0.002 0.106( 0.002 104‚∂bh(0)/∂T 3.3( 0.9 5.2( 0.7

bh(1) -0.145( 0.004 -0.057( 0.001 104‚∂bh(1)/∂T -2.7( 1.7 -6.2( 0.8
khc

(0) 0.014( 0.001 0.014( 0.001 104∂khc
(0)/∂T 5.5( 0.5 2.3( 1.0

σb 0.073 0.059

a ( std. dev.b Standard deviation on the fit.

P(M+, HiL
(i-z)) ) Phz2

P(M+, Hi-1L
(i-1-z)) ) Ph(z - 1)2

λ ) λh‚n

log yj ) zj
2 AxI

1 + 1.5xI

+ ∑
k

bj,kck (9)

∆ε ) az* (8)

z* ) 2; ∆ε∞, a )
0.021( 0.002;∆ε0, a ) 0.233( 0.001;σ ) 0.08

z* ) 4, 6, 8, 12;∆ε∞, a )
0.050( 0.004;∆ε0, a ) 0.273( 0.003;σ ) 0.026

∆ε ) [ε(H+, X- ) + ε(Mz+, Hn-1L
-) - km]

∆ε ) [ε(H+, X-) + ε(Mz+, Hi-1L
i-1-z) - ε(Mz+, HiL

i-z)]

ε(M+, HiL
(i-z)) ) εjz2

ε(M+, Hi-1L
(i-1-z)) ) εj(z - 1)2

km ) khm‚n
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where the molar interaction coefficientb can be expressed
as

or as

Before calculatingb for carboxylate ligands, it was necessary
to determine the interaction coefficient of HI and HCl in the
same concentration scale. By using literature activity coef-
ficients, converted in the molar scale by considering the solution
density, we calculated the following values for HI

(σ ) 0.002) by using eq 9a or

(σ ) 0.002) by using eq 9b. For HCl we obtained

(σ ) 0.002) by using eq 9a or

(σ ) 0.002) by using eq 9b. Therefore, mean values of
interaction parameters for carboxylates were calculated by using
molar protonation constants. Results, both in (C2H5)4NI and in
(CH3)4NCl medium salts, are reported in Table 6.

Polyelectrolytes.To give a complete picture on ionic strength
dependence of carboxylate ligands, we tried to determine mean
values ofε parameters (εj) for some synthetic53-56 and natural
polyelectrolytes (ref 57 and unpublished data from this labora-
tory), in (C2H5)4NI: the list is reported in Table 8, together
with their effective charge. Protonation constants for these
systems were calculated as for diprotic acids (by considering
the effective charge): it was demonstrated that this procedure
allows the experimental data (unpublished data from this
laboratory) to be fitted quite well. Calculations were performed

Table 7. SIT Parameters (Equation 4) atT ) 298 K, Together with Temperature Gradients, for Mono-hexacarboxylates in Me4NCl

carboxylate i ∆ε∞ 104‚∂∆ε∞/∂T ∆ε0 104‚∂∆ε0/∂T σa

Ac 1 0.124( 0.001b - 0.189( 0.002b - 0.003
Mal 1 0.102( 0.010 - 0.598( 0.020 - 0.020

2 0.072( 0.008 - 0.325( 0.018 -
Succ 1 0.115( 0.003 - 0.503( 0.005 - 0.008

2 0.127( 0.001 - 0.207( 0.003 -
Tar 1 0.118( 0.002 2.3( 1.4 0.468( 0.004 -8 ( 3 0.020

2 0.098( 0.002 2.5( 2.0 0.274( 0.006 -24 ( 5
Mala 1 0.109( 0.002 -0.5( 1.7 0.535( 0.005 1.1( 3.8 0.015

2 0.113( 0.002 -4.4( 1.6 0.263( 0.005 -7 ( 4
Pht 1 0.150( 0.002 - 0.470( 0.005 - 0.043

2 0.111( 0.004 - 0.222( 0.008 -
Adip 1 0.062( 0.002 - 0.658( 0.006 - 0.008

2 0.106( 0.003 - 0.281( 0.007 -
Pim 1 0.085( 0.006 - 0.583( 0.014 - 0.057

2 0.059( 0.015 - 1.120( 0.004 -
Sub 1 0.113( 0.003 - 0.436( 0.004 - 0.017

2 0.126( 0.003 - 0.241( 0.008 -
Aze 1 0.121( 0.002 - 0.477( 0.004 - 0.008

2 0.129( 0.001 - 0.231( 0.002 -
Seb 1 0.026( 0.016 - 0.736( 0.043 - 0.043

2 0.165( 0.007 - -0.095( 0.015 -
Tca 1 0.113( 0.002 -61 ( 20 0.845( 0.006 65( 16 0.014

2 0.105( 0.002 -50 ( 17 0.587( 0.004 35( 13
3 0.108( 0.002 -30 ( 15 0.252( 0.005 14( 15

Mtca 1 0.193( 0.002 - 0.822( 0.007 - 0.020
2 0.123( 0.006 - 0.487( 0.012 -
3 0.109( 0.006 - 0.159( 0.013 -

Cit 1 0.091( 0.011 - 0.904( 0.025 - 0.018
2 0.078( 0.011 - 0.523( 0.024 -
3 0.106( 0.010 - 0.226( 0.024 -

Btc 1 0.087( 0.007 -72 ( 29 1.216( 0.014 93( 25 0.017
2 0.101( 0.005 -57 ( 23 0.811( 0.010 76( 21
3 0.102( 0.004 -50 ( 20 0.592( 0.009 44( 18
4 0.123( 0.004 -28 ( 19 0.261( 0.008 15( 17

Mlt 1 0.020( 0.037 - 2.046( 0.079 - 0.080
2 -0.030( 0.032 - 1.976( 0.076 -
3 0.087( 0.040 - 1.472( 0.086 -
4 0.082( 0.021 - 1.225( 0.040 -
5 0.050( 0.025 - 0.963( 0.049 -
6 -0.041( 0.040 - 0.871( 0.098 -

a Standard deviation on the fit.b ( std. dev.

b ) b∞ +
b0 - b∞

I + 1
(9a)

b ) b(0) + b(1) ln(1 + I) (9b)

b∞ ) (0.223( 0.002)- (15 ( 2)‚10-4(T - 298)

b0 ) (0.260( 0.001)+ (59 ( 4)‚10-4(T - 298)

b(0) ) (0.256( 0.001)+ (26 ( 1)‚10-4(T - 298)

b(1) ) (-0.022( 0.002)- (26 ( 2)‚1-4(T - 298)

b∞ ) (0.139( 0.001)- (2.9( 0.2)‚10-4(T - 298)

b0 ) (0.100( 0.001)- (4.2( 0.6)‚10-4(T - 298)

b(0) ) (0.107( 0.001)- (8.5( 0.3)‚10-4(T - 298)

b(1) ) (0.018( 0.001)+ (2.9( 0.3)‚10-4(T - 298)
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by considering thekhm values obtained for carboxylic acids (khm

) -0.0198). Following the same procedure used for carboxylic
acid, we obtain

by using eq 5a or

by using eq 5b. The differences inεj values with respect to low
molecular ligands (reported in parentheses) are quite low, also
taking into account the higher uncertainties for high molecular
weight polyelectrolytes.

Correlations between Different Parameters.In previous
papers concerning the determination of SIT parameters,2,3 we
have provided evidence of the possibility to determine correla-
tions between interaction coefficients from different models and,
in particular, between SIT and Pitzer parameters. Correlations
have been determined for 1:1 and 1:2 salts with the same anion
(Cl-, Br-, I-, NO3

-, ClO4
-), 1:2 salts with the same cation

(Mg2+, Ca2+, Sr2+, or Ba2+), 1:2 electrolytes, and 1:1 and 1:2
salts together. In this paper, we have verified the possibility of
extending this kind of correlation to another class of ligands
such as polycarboxylates. Also in this case, some very interesting
correlations were found between bothε parameters of eq 5a
and 5b and SIT and Pitzer parameters. In the (C2H5)4NI ionic
medium, these correlations are

In (CH3)4NCl we have

Fits of correlation equations were always very good (standard
deviations in the fit range fromσ < 0.0001 toσ ) 0.0002).

Final Remarks

The main results of the analysis of protonation data in
tetraalkylammonium aqueous solution at different ionic strengths
can be summarized as follows.

1. Specific interaction coefficients of polycarboxylate anions
in (C2H5)4NIaq and (CH3)4NClaq can be calculated using
protonation constants at different ionic strengths with very good
fitting results, if considering for these coefficients the depen-
dence on ionic strength given by eqs 5a or 5b. The use of the
original one-parameter equation gives significantly worse results.

2. The values ofε strictly depend on polyanion charge, and
a mean valueεj was calculated which shows excellent predictive
power.

3. Pitzer parameters were also calculated with comparable
fitting results (with respect to the SIT method). Also, these
parameters depend on charge, and mean values were obtained.
A comparison of SIT and Pitzer models was recently reported.44

4. There is a strong correlation between SIT and Pitzer
parameters which allows the two models to be used with the
same results.
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