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ABSTRACT

The protonation constants of oxalic acid were determined potentiometrically at 37°C
in different media — NaNO3, KNO3; and Et4NI, 0.03 < I < 0.3. From these data it was
possible to determine the formation of the complexes [Na(ox)]™ and [K(ox)]™, and to
calculate their stability constants. Simultaneous analysis of potentionmeiric and calorim-
etric data (this work and literature) enabled the temperature and ionic strength depend-
endence of the equilibrium parameters to be obtained for the protonation of oxalate. Re-
calculaticn of some literature data gave the AH value for the formation of the [Na(ox)]~
complex. The thermodynamic parameters obtained allowed us to confirm the hypothesis
that dicarboxylate anions chelate with alkali-metal ions and that these complexes are
mainly entropically stabilized.

INTRODUCTION

Many authors [1—23] have widely investigated the protonation of oxalate
(0ox?7) and reported the values of thermodynamic functions at different tem-
peratures and ionic strengths. Banks et al. [24] found association between
potassium ion and oxalate by conductometric measurements, while Finlay-
son et al. [25] reported the stability constant for the [Na(ox)]~ complex,
obtained from solubility studies on the calcium—oxalate system. No other
author has considered the complex formation of oxalate with alkali-metal
ions, while such complexes have been studied to some extent for several bi-
and tricarboxylic acids [26—30].

Oxalate is present in all natural fluids. Its concentration is 1.4—2.8 mg
dm™ in blood and 30 mg/24 h in urine [31]. Many foods contain oxalate
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(e.g. in oranges there are 24 mg/100 g of oxalate) [31]. Further, it is well
known that the concentration of Na* and K" ions in biofluids and natural
waters is generally relevant (e.g. in blood plasma, Cy, = 130—150 mmole
dm™? and Ckg = 4—5 mmole dm™3). Therefore, even weak interactions, at pH
values of biofluids and natural waters generally >5, may signify a high degree
of complex formation with respect to oxalate, when alkali-metal ion/oxalate
ratios are very high.

From all this comes our interest in carefully investigating (also by analyz-
ing the literature data) the protonation of oxalate and the complex forma-
tion between alkali-metal ions and oxalate.

EXPERIMENTAL

Chemicals, apparatus and procedure were as described elsewhere [29,30,
82,33]. The calculations relative to E° determination and to the standardiza-
tion of oxalic acid stock solutions were performed by means of the least-
squares computer program ACBA [34]. The stability constants and their
dependence on ionic strength were calculated by the least-squares computer
program MINIQUAD 76A [35]. Hamilton’s statistical test was used [36,37].
Throughout the paper the errors reported are three times the standard devia-
tion.

RESULTS AND DISCUSSION

The data of the alkalimetric titrations of oxalic acid were first elaborated
(by taking into account the points above pH = 3) with the ACBA program,
which can refine both the first protonation constant and the analytical con-
centraiion of the acid. Some results derived from this calculation are col-
lected in Table 1. It must be noticed that the simultaneous refinement of log
K% and C,, gives excellent fits, even with very small differences in this value,
whilst the statistical parameters become considerably worse when taking a
fixed value of C,.

It can be observed from Table 1 that the values of protonation constants,
at the same ionic strength, follow the trend Et,N* > K* > Na®. This cannot
be due to the differences of the activity coefficients in the different ionic
media (see ref. 30 and refs. therein), but it is a clear indication of complex
formation between oxalate and alkali-metal ions, while the interaction
between oxalate and tetraethylammonium cation may be considered neglig-
ible [30]. From ApK values (differences between the values of pK} obtained
in tetraethylammonium iodide and those in the presence of alkali-metal
nitrates) the stability constants of M*—ox~ complexes (M" = alkali-metal ion)
can be calculated from the equation

Ky = (10%PX — 1)Cf! 1)

where Cy; iIs the analytical concentration of the alkali-metal ion. This equa-
tion, although valid only for Cy >> C,,, gives good results. In general, the
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Experimental details of potentiometric measurements and log K; values calculated by
means of the ACBA computer program without allowing for alkali-metal complex forma-
tion, at 37°C and 0.03 < I < 0.3 mole dm™3

M Cm2 logK; (30) Cox (30) 6,%X 103 Rx 103 ¢ No. of points
x 103 (at pH > 3)
EtyN*d 0.03 4,078 (12) 2.198 (6) 0.40 2.37 18
0.03 4062 (12) 3.303 (8) 0.62 2.32 20
0.03 4,057 (18)  4.404(20) 0.93 2.64 15
0.1 3961 (8) 8.171 (5) 0.41 1.61 20
0.1 3.970(18) 2.620(11) 0.61 2.94 17
0.1 3.992(18) 6.582(29) 1.2 3.09 20
0.1 4.002(20) 5.511(29) 1.21 2.66 15
0.1 3.977(14) 2.104 (8) 0.40 2.92 15
0.3 3.977 (8) 5.472 (8) 0.46 1.00 16
0.3 3976 (3) 6.520 (5) 0.31 0.60 21
0.3 3.8974 (8) 4.424 (6) 0.19 0.54 16
0.3 3.964 (6) 6.718 (9) 0.51 0.95 21
0.3 3.984 (11) 2.145 (86) 0.30 1.80 15
Na* 0.03 4.018(15) 2.181 (8) 0.64 2.26 16
0.08 3.998 (26)  3.340(22) 0.97 3.79 18
0.03 4.002 (23) 4.440 (29) 0.92 2.68 14
0.1 3.871(15) 6.531 (23)  1.41 2.67 20
0.1 3.879 (11)  4.359 (14)  0.67 1.96 16
0.1 3.835 (9) 2.244 (6) 0.21 1.22 17
0.1 3.852 (3) 3.301 (3) 0.20 0.76 18
0.282 3.732 (3) 6.432 (3) 0.23 0.45 20
0.3 3.697 (5) 4.442 (8) 0.45 1.23 17
0.3 3.697 (8) 2.117 (5) 0.22 1.31 15
K 0.03 4.027 (25) 2.149(17) 0.59 3.78 15
0.03 4.009 (86) 3.306 (7) 0.35 1.34 20
0.03 4.037 (17)  4.654 (21) 1.04 2.86 16
0.1 3.884 (17) 2.089(12)  0.47 3.03 15
0.1 3.892 (25) 2.541(21) 0.94 4.64 16
0.282 3,726 (11) 6.467 (21) 1.12 2.17 20
0.3 3.739 (8) 4.324 (5) 0.25 0.72 15
0.3 3.712 (29) 2.117 (21) 0.78 4.80 14

a Concentrations in mole dm™3; the log K; values and the analytical concentrations of
the oxalate were refined simultaneously.
b Standard deviation in titre (cm3), see ref. 34; the titrant was KOH 1 mole dm™3 and the
initial volume 50 ecm3.
¢ R = [Z(6v)2/Zv?]1/2, see refs. 36 and 37.

d The salts used were Et;NI, NaNOj and KNO;.

equation

log K¥ =log K¥ +Z\1 log(1 + Kwy;cm;)
3

(1a)

is valid (cy is the free concentration of the alkali-metal ion and primes indi-
cates the protonation constants determined in alkali-metal medium). If
Cy ~ ¢m and only one metal ion is present (it must also be remembered that
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TABLE 2

log K values for the formation of sodium and potassium—oxalate complexes at 37°C

Equilibrium log K
I=0.03 I=0.1 I=0.3
Na* + ox2~ = [Na(ox)]~ 0.9 0.57 0472
0.7 0.52 0.46P
0.53 c
0.64 0.53 0.494d
K"+ ox2™ = [K(ox)]™ 0.7 0.42 0.422
0.5 0.46 0.43°
0.43 c
0.53 0.43 0.434

a Calculated using eqn. (1).

b Calculated using MINIQUAD program ; considering each ionic strength separately.

€ Calculated using eqn. (1) and the protonation constant of eqn. (4), see Table 3.

d Calculated using MINIQUAD program; considering all ionic strengths together, see
Table 3.

with Et;N’ or Na’ as background the K' ion is always present too, deriving
from the potassium hydroxyde used as titrant), eqn. (1a) becomes again (1).
In Table 2 the values of log Kj; obtained from eqn. (1) and those calculated
with coinputer refinement are reported.

The data for the different ionic strengths can be simultaneously analyzed
by using the least-squares computer program MINIQUAD 76A [35], modi-
fied in such a way to allow for the changes in ionic strengths. The stability
constants as a function of the ionic strength can be expressed by a semiem-
pirical equation of the type

. VT
10g Bpqr =108 Boqr —AZpqr T+ By T + Cparl (2)

where A is the Debye—Hiickel coefficient (A = 0.523 at 37°C), the indexes
pqr refer to the reaction

pM" +qox? +rH = [M,(ox),H,]7*" 249 (3)

and 2* =p +4q +r— (p + r — 2q)2. If instead of considering the zero ionic
strength as reference, we choose another reference ionic strength, namely I’,

eqn. (2) can be rewritten
. i VT ) )

L or = ., —Az* — =+ C, . ,(I—1I 4
].Og qur ].Og ﬁpqr A (1 +qur\/_T 1 +qur ("“I pq ( ) ( )

The potentiometric data, obtained at different ionic strengths, were ela-
borated: (i) by taking into account the changes in ionic strength but neglect-
ing the complex formation with alkali-metal ions; (ii) by considering both
the changes in ionic strengths and the complex formation M'—ox?™ *, In

* Previously it was pointed out [30] that (K"NO3) ion pair formation may be important
when weak complexes are investigated; here it was not considered because with Cgno; <
0.3 mole dm™ the ion pair formation is fairly negligible.
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TABLE 3

logBpqrs Bpgr and Cpg, values (see text) for the protonation of oxalate and for Na*, K'—
oxalate complexes at 37°C (I' = 0.1 mole dm™3)

pqr logBpqr(30) Bpar Cpqr(30) Medium

011 3.89 (1) 1.0 0.39 (3) KNO, 2

011 3.86 (1) 1.0 0.35 (4) NaNO; 2

011 3.999 (8) 1.5 1.00 (5) KNO;, NaNO;, Et,NI
11 0M=K" 0.43 (5) 1.5 0.9 (2) KNOj3, Et;NI

11 0(M=Na) 0.53 (3) 1.5 0.7 (1) NaNOj;, Et,NI

a2 Without allowing for M—ox complexes.

Table 3 the values of B4, Bpqr and Cpg, for the complexes H'—oxalate,
Na'—oxalate and K'—oxalate are shown. In Fig. 1 the values of log Ky (=log
B110) are plotted vs. \/I. It was also ascertained that no protonated species is
formed in M*—ox?" systems.

The points of alkalimetric titrations below pH = 3 were analyzed sepa-
rately and gave an approximate value of log KT (the mean protonation
degree reaches a maximum value of 1.1 when an excess of strong acid is not
added to oxalic acid).

The large amount of literature data on the protonation of oxalate was
then examined. In Table 4 both the protonation constants taken from the
literature and those found in this work are collected for the first protonation
step; the agreement is generally good. In Fig. 2 the values of log K} are
plotted vs. /I (our values at 37°C and those reported by other authors at

42

-
IOBKI
t=37 "C (Et,NI}

40
38
1=37°C (KNO,)
t=37 °C (NaNO,)
36 |

05 10 15 i

Fig. 1. Dependence of the first protonation constant of oxalate on ionic strength; &=
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Fig. 2. Dependence of the formation constants of Na* and K*—oxalate complexes on
ionic strength.

25°C). The literature data (obtained in NaClO,) are fitted by the equation

2.05v/T
log K7 (£0.05) = 4.27 — +5\/\/T_ +0.281 (5)

at 25°C and 0 < I< 3. The value of Cq;; (0.28) is in good agreement with
our result (0.35), if we consider the different temperature and ionic medium.
Table 5 reports the stability constant values for the second protonation
step. In this case the agreement between literature values and ours is not so
good as was found for log K}, probably owing to the difficulties in obtaining
accurate pH values at ¢y > 1072, For log K5 we obtained the equation

. 1.02T
log K¥(£0.07) = 1.26 — ﬂ%"—f +cCI (6)

at 25°C and 0 < I < 3 in NaClO,. The value of C for log K¥ is a function of
the ionic strength: C> 1 for7=0.1,C=0.8forI=1and C= 0.2 forI = 3.

In Table 6 the values of AH and AC, for the protonation of oxalate, taken
from the literature, are reported. By analyzing these data, both from
calorimetric measurements and the temperature coefficient of potentiome-
tric measurements, together with the data in Tables 4 and 5, we obtained
some equations for the thermodynamic protonation properties of oxalate as
a function of temperature and ionic strength (after correction from molal to
molar scale of the data of Harned and Fallon [2] and Pinching and Bates
[3]). Equation (7), obtained by analyzing the data in Tables 4 and 6, gives
the values of log K} as a function of the temperature in the range 278 < T'<
323 (K), with an error <+0.006

AT

log K¥(T) = 4.268 +1.136 T + 7.0 X 1075 (AT)? (7)
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TABLE 5
Second protonation constant for oxalate at various temperatures and ionic strengths
t(°C) I (mole dm™3) log Kt Ref.
0 0 1.244 8
15 0 1.252 8
25 0 1.252 8
35 0 1.286 8
45 0 1.295 8
25 0 1.30 21
30 0 1.31 21
35 0 1.32 21
40 0 1.33 21
45 0 1.34 21
50 0 1.36 21
55 0 1.36 21
25 0 1.25 2
25 0 1.36 19
25 0 1.271 15
25 0.1 (NaClO ) 1.2 23
25 0.1 (NaClO,) 1.13 11
25 0.1 (NaClO,) 1.37 7
25 0.15 (NaClO,) 1.33 9
25 1 (NaClOy) 1.07 10
25 1 (NaClOy) 1.08 13
20 1 (NaClO,) 1.01 17
32 1 (KNOj) 1.12 5
25 1 (KNO3) 1.1 14
25 0.5 (LiClO,) 1.00 16
37 0.1 (Na, K, Et,N) 1.23(6) 2 This work

4 30 in parentheses.

where AT = T(K) — 298.16. Equatiom (8), obtained from data in Table 6,
gives the values of AH, as a function of the ionic strength, in the range
0<I< 2 mole dm™® with NaNO; as background; the estimated error is
<*0.04

AH, =1.55 —0.935I + 0.19I* (kcal mole™) (8)

Concerning the log K¥ values, from the data in Tables 5 and 6, eqn. (9) was
obtained

log KE(T) = 1.26 + 0.52 % + 3.5 X 1075 (AT)? (9)
valid in the range 273 < T < 328 (K), with an error < 10.02 *.

Pinching and Bates [3] performed accurate measurements, in cells without
liquid junction, using NaCl as background in the range 0.05< Cy,< 0.5

* Equations (7) and (9) were obtained according to the method proposed by Clarke and
Glew [38].
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mole kg™ at different temperatures [273 < T < 323 (K)]. Their data were
again analyzed in order to obtain values of log Ky, which can be compared
with ours and with the aim of calculating the AH value for the formation of
[Na(ox)]~ species. The calculations were performed with the modified
MINIQUAD 76A program, using the values of B and C obtained from our
data (see Table 3) for eqn. (4). Since B is a function of the temperature, and
bearing in mind that B = B'2 [80], we obtained

B=15+9.45X10"3 (T —310.18)

The formation constant values for the sodium—oxalate complex at five tem-
peratures are (at I = 0)

t(°C) log Kna = 0.01 (molar scale)
5 0.81

15 0.84

25 0.86

35 0.91

45 0.93

From these values we were able to calculate the enthalpy change for the
reaction

Na" + ox?” = [Na(ox)]~ AH =1.05 + 0.24 kcal mole™

It is interesting to notice that if we extrapolate our values of log Ky, toi =0
by using eqn. (4) and the data of Table 3, we obtain log Ky, = 0.91 (at
37°C); this value is practically the same as was obtained from the data of
Pinching and Bates. Furthermore, the calculation of AH, values at I# 0
from the data of Pinching and Bates gives AH, (I = 0.24, Cy, = 0.15)=1.81

10 I 20

Fig. 3. AH (H" + ox?™ = [H(ox)]™) vs. ionic strength at 25°C. A, Refs. 19 and 20; =, ref. 3
and this work.
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40 45 50

Fig. 4. Distribution diagram, aoy vs. pH, for the system H—Na—ox, at 37°C. Cna= 0.1
and Cgox = 0.005 mole dm™3,

and AH, (I = 0.0382, Cx, = 0.01) = 1.45 kcal mole™! at 25°C, in good agree-
ment with the data obtained from calorimetric measurements [19,20] (the
calculated values from eqn. (8) are 1.34 and 1.52 kcal mole™, respectively).
In Fig. 3 AH, values are plotted vs. I; both calorimetric data and those calcu-
lated from temperature dependence fit egn. (8) well.

In Fig. 4 the distribution of the species is plotted vs. pH for the system
H*—Na'—ox?": when pH > log K¥ the formation of the alkali-metal ion—
oxalate complex is relevant; this means that in biofluids (generally at pH >
5) the amount of oxalate complexed by Na* (and K") is not negligible.

The order of stability for Na* and K'—oxalate complexes is Na" > K', the
same as was found with other carboxylic and hydroxy-carboxylic ligands

TABLE 7

' Formation constants for Na* complexes of some darboxylic acids, at 25°Cand I =0

Ligand log KnaL Ref.
Malonate 0.74 39
Phthalate 0.68 39
Maleate 0.72 39
Succinate 0.32 39
Oxalate 0.86 This work

Acetate —0.18 40
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1{27—80,39,40]. In Table 7 the values are given of b c
concermng some carboxylic ligands [389,40]. It was proposed that chelation
L
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ylic acids [26]. Recently it was evidenced by laser Raman spectra [41] that
most probably Li*, Na* and K* form chelate complexes with oxalate, and by

Raman measurements [42] it was also pointed out that oxydiacetic acid
forms chelate complexes with Li*, Na*, K* and Cs*. The order of stability

that can be drawn from Table 7 1s oxalate > malonate ~ phthalate > suc-
cinate > acetate, and confirms this hypothesis on a thermodynamic basis.

Concerning the thermodynamic parameters relative to the formation of
the [Na(ox)]™ complex, it must be noticed that the value of AS =7.5 cal
mole™! deg™! confirms that these complexes are mainly stabilized entropi-
cally [26,29,30].
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