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Speciation of phytate ion in aqueous solution
Thermodynamic parameters for protonation in NaCl�
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Abstract

Phytate protonation enthalpies and entropies were determined by direct calorimetric titrations, in sodium chloride aqueous media at different
ionic strengths (0.1 ≤ I/mol L−1 ≤ 1) and att = 25◦C. Only the first seven protonation steps were taken into account, since the remaining five
protons of phytic acid could be considered as “strongly acidic” (logKH

i ≤ 1, 8 ≤ i ≤ 12). The analysis of results evidenced slight variations
among enthalpy and entropy values, for the same protonation step (i), at different ionic strengths.T	Si values for each protonation step are
significantly higher than the corresponding enthalpy changes, revealing the entropic nature of the bond involved in phytate protonation. The
enthalpy changes for phytate protonation generally increase for each protonation step, as typical for phosphate ligands. Dependence on ionic
strength for both logKH

i and	Hi was taken into account by Specific ion Interaction Theory (SIT). Useful predictive relationships for the
dependence ofT	S on	G and on protonation step “i” were proposed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Since the announcement, in 1903, of the massive pres-
ence, in several seeds, of 1,2,3,4,5,6 hexakis (di-hydrogen
phosphate)myo-inositol (IUPAC name), best known as
phytic acid, many papers and reviews dealing with the
chemico-physical properties and the several biological
functions have been published [1–3and references therein].
Despite this, few papers report quantitative results on the
acid–base properties or on the interactions with alkali metal
ions, and data published by different laboratories are often
inconsistent[4–19]. Moreover, most experiments have been
performed at a single ionic strength and in a single ionic
medium, and, therefore, are of low interest for speciation
studies in natural fluids. For this reason, our research group
undertook a systematic study on the chemico-physical be-
havior of phytic acid in aqueous solutions in various ionic
media and at different ionic strengths. We determined: (i)

� Previous contributions to this series:[20–23].
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the protonation constants[20,21]; (ii) the complex forma-
tion constants with alkali metal cations[21]; (iii) the binding
ability towards other ligands of biological or environmental
interest as, for example, biogenic amines[22]; and (iv) the
solubility of some calcium complexes[23]. In these stud-
ies, several equations for the dependence of equilibrium
constants on ionic medium and/or ionic strength have been
proposed, together with many different relationships with
predictive purposes. Comparisons among phytic acid and
other ligands have also been made.

As a further contribution to phytate speciation in different
aqueous media, the results of a calorimetric investigation
on phytate protonation in sodium chloride, the most im-
portant inorganic salt in natural fluids, are reported in this
paper. Phytate protonation enthalpies and entropies were de-
termined by direct calorimetric titrations at different ionic
strengths (0.1 ≤ I/mol L−1 ≤ 1). Some papers dealing with
complex formation enthalpies between phytate and metal
cations have been published[9–11]and a few data are avail-
able on phytate protonation enthalpies and entropies in aque-
ous solutions[6,9], but, to our knowledge, no experiments
have been performed in NaCl media. Here, comparisons
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among results obtained for protonation of phytate and for
other phosphoric and carboxylic ligands are made, and some
useful relationships are proposed.

2. Experimental section

2.1. Chemicals

Hydrochloric acid and sodium hydroxide solutions were
prepared by diluting concentrated ampoules (Riedel de
Haen). Solutions of HCl and NaOH were standardized
against sodium carbonate and potassium hydrogen phtha-
late, respectively. NaCl was prepared by weighing pure
salt (Fluka) dried in an oven at 110◦C. Phytic acid do-
decasodium salt solution (sodium phytate, Na12Phy) was
prepared by weighing SIGMA product. Concentration was
checked by acidimetric titrations. All solutions were pre-
pared with analytical grade water (R= 18 M�cm−1) using
grade A glassware.

2.2. Apparatus and procedure

Calorimetric measurements were carried out at 25.000±
0.001◦C using an apparatus consisting of a Model 450
Tronac isoperibol titration calorimeter coupled with a Kei-
they 196 system digital multimeter. Titrant was delivered
by a 2.5 mL capacity Hamilton syringe (model 1002TLL).
The apparatus was connected to a PC, and automatic titra-
tions were performed using a suitable computer program
to control calorimetric data acquisition. The accuracy of
the calorimetric apparatus was checked by titrating Tris
[tris-(hydroxymethyl)amino-methane] with HCl, and was
estimated to beQ ± 0.008 J andv ± 0.001 mL. Calorimet-
ric measurements were performed by titrating 50 mL of the
solution containing Na12Phy (0.8–2 mmol L−1) and NaCl
(in order to obtain the pre-established ionic strength values,
0.1 = I/mol L−1 = 1) with HCl standard solutions. Before
each experiment, the heat of dilution was measured under
the same ionic strength condition.

2.3. Calculations

Calorimetric titration data were analyzed by the ES5CMI
computer program[24]. The LIANA program was used to
test the dependence of thermodynamic parameters (	H,
T	S, 	G) for the protonation of phytate ion on ionic
strength and to calculate their values at infinite dilution
(I = 0 mol kg−1) [25].

All thermodynamic parameters are referred to the single
protonation step.

H+ + Hi−1Phy(12−i+1)− = HiPhy(12−i)−

or to the overall protonation equilibrium

iH+ + Phy12− = HiPhy(12−i)−

3. Results and discussion

3.1. Experimental protonation enthalpies

The experimental results of calorimetric measurements
are shown inTable 1, where the enthalpies and the en-
tropies for the overall protonation equilibria of phytate ion
at different ionic strengths are reported together with the
corresponding	G values calculated from the protonation
constants in NaCl reported in refs.[20,21]and converted in
the molal scale (seeTable 2). The same thermodynamic pa-
rameters for each stepwise protonation reaction are shown
in Table 3. As can be observed from these Tables, only the
first seven protonation steps were taken into account, ow-
ing to the fact that the remaining five protons of phytic acid
could be considered as “strongly acidic” (logKH

i ≤ 1, 8 ≤
i ≤ 12). The analysis ofTables 1 and 3evidences slight
variations among enthalpy and entropy values, for the same
protonation step (i), at different ionic strengths. This aspect
is better clarified inFigs. 1 and 2, where overallT	S and
	H for each phytate protonation step are plotted versus the
square root of ionic strength. As concerns the stability of the
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Fig. 1. T	S values vs. the square root of ionic strength for all protonation
steps of phytate ion (overall reaction).�, i = 1; �, i = 2; �, i = 3; 	,
i = 4; �, i = 5; +, i = 6; ×, i = 7.
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Fig. 2.	H values vs. the square root of ionic strength for all protonation
steps of phytate ion (overall reaction).�, i = 1; �, i = 2; �, i = 3; 	,
i = 4; �, i = 5; +, i = 6; ×, i = 7.
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Table 1
Overall thermodynamic parametersa for protonation of phytate ion at 25◦C and at different ionic strengths

I (mol kg−1) Protonation step (i) 	G (kJ mol−1) 	Hb (kJ mol−1) T	Sb (kJ mol−1)

0.100 1 −54.67 −11.8 ± 2.2 43 ± 3
0.252 1 −52.50 −16.2 ± 1.6 36 ± 2
0.506 1 −50.94 −18.8 ± 1.4 32 ± 2
1.022 1 −49.55 −18.5 ± 2.4 31 ± 3
0.100 2 −110.83 −24.8 ± 1.3 86 ± 2
0.252 2 −106.48 −24.0 ± 0.9 82 ± 1
0.506 2 −103.37 −23.9 ± 0.7 80 ± 1
1.022 2 −100.59 −24.0 ± 1.1 77 ± 2
0.100 3 −165.04 −28.4 ± 1.9 137 ± 3
0.252 3 −158.46 −29.3 ± 1.2 129 ± 2
0.506 3 −153.74 −27.2 ± 0.8 127 ± 1
1.022 3 −149.40 −27.1 ± 1.4 122 ± 2
0.100 4 −211.49 −30.8 ± 2.2 181 ± 3
0.252 4 −202.74 −32.0 ± 1.5 171 ± 3
0.506 4 −196.41 −29.7 ± 1.0 167 ± 2
1.022 4 −190.50 −30.4 ± 1.7 160 ± 3
0.100 5 −248.58 −31.5 ± 2.5 217 ± 4
0.252 5 −237.82 −32.4 ± 1.8 205 ± 3
0.506 5 −229.95 −31.0 ± 1.4 199 ± 2
1.022 5 −222.70 −31.1 ± 2.3 192 ± 3
0.100 6 −278.54 −31.5 ± 2.5 247 ± 4
0.252 6 −265.78 −32.0 ± 1.7 234 ± 3
0.506 6 −256.46 −31.6 ± 1.5 225 ± 3
1.022 6 −247.88 −31.4 ± 2.4 216 ± 3
0.100 7 −294.97 −26.5 ± 2.7 268 ± 4
0.252 7 −280.54 −27.8 ± 1.9 253 ± 3
0.506 7 −269.96 −29.7 ± 1.8 240 ± 3
1.022 7 −260.50 −28.1 ± 3.1 232 ± 4

a Parameters refer to reaction:iH+ + Phy12− = HiPhy(12−i)−.
b ± Standard deviation.

Table 2
Overalla and stepwiseb (in parenthesis) protonation constants for phytate ion in NaCl at different ionic strengths and 25◦C

I (mol kg−1) logβH1 logβH2 logβH3 logβH4 logβH5 logβH6 logβH7

0.1 9.58 19.42 (9.84) 28.91 (9.49) 37.05 (8.14) 43.55 (6.50) 48.80 (5.25) 51.68 (2.88)
0.252 9.20 18.65 (9.45) 27.76 (9.11) 35.52 (7.76) 41.67 (6.15) 46.56 (4.89) 49.15 (2.59)
0.506 8.93 18.11 (9.18) 26.94 (8.83) 34.41 (7.47) 40.29 (5.88) 44.93 (4.64) 47.30 (2.37)
1.022 8.68 17.62 (8.94) 26.17 (8.55) 33.37 (7.20) 39.02 (5.65) 43.43 (4.41) 45.64 (2.22)

a βHi , refer to reaction:iH+ + Phy12− = HiPhy(12−i)−.
b KH

i , referred to reaction:H+ + Hi−1Phy(12−i+1)− = HiPhy(12−i)−.

protonated species of phytate, several discussions have al-
ready been made in previous papers[20,21]. However, this
contribution better clarifies the nature of this stability; in
fact, T	S values for each protonation step are significantly
higher than the corresponding enthalpy changes. This indi-
cates the entropic nature of the bond involved in phytate
protonation, as usual for electrostatic interactions in aque-
ous solution. The enthalpy changes generally increase for
each protonation step. This behavior is typical for phosphate
ligands, as better illustrated inFig. 3, where	H values
(stepwise reaction) for some phosphate ligands are plotted
versus the protonation step[26,27]. This trend is opposite
to the one shown by some other polyanionic ligands as,
for example, some polycarboxylates (malonate, mal; citrate,
cit; 1,2,3-propanetricarboxyate or tricarballylate, tca; and

1,2,3,4-butanetetracarboxylate, btc)[28] and is plotted in
Fig. 4.

3.2. Ionic strength dependence of protonation
thermodynamic parameters

The dependence on ionic strength of equilibrium en-
thalpies is given by:

	H = 	H0 + �jνjLj (1)

where	H0 is the infinite dilution enthalpy,Lj is the relative
partial molar enthalpy for the reactants with stoichiometric
coefficientsνj. The relative partial molar enthalpy is given,
in turn, by:
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Table 3
Stepwise thermodynamic parametersa for protonation of phytate ion at different ionic strengths and 25◦C

I (mol kg−1) Protonation step (i) 	G (kJ mol−1) 	H (kJ mol−1) T	S (kJ mol−1)

0.100 1 −54.67 −11.8 43
0.252 1 −52.50 −16.2 36
0.506 1 −50.94 −18.8 32
1.022 1 −49.55 −18.5 31
0.100 2 −56.16 −13.0 43
0.252 2 −53.98 −7.8 46
0.506 2 −52.43 −5.1 48
1.022 2 −51.04 −5.5 46
0.100 3 −54.21 −3.6 51
0.252 3 −51.98 −5.3 47
0.506 3 −50.37 −3.3 47
1.022 3 −48.81 −3.1 45
0.100 4 −46.45 −2.4 44
0.252 4 −44.28 −2.7 42
0.506 4 −42.67 −2.5 40
1.022 4 −41.10 −3.3 38
0.100 5 −37.09 −0.7 36
0.252 5 −35.08 −0.4 34
0.506 5 −33.54 −1.3 32
1.022 5 −32.20 −0.7 32
0.100 6 −29.96 0.0 30
0.252 6 −27.96 0.4 29
0.506 6 −26.51 −0.6 26
1.022 6 −25.18 −0.3 24
0.100 7 −16.43 5.0 21
0.252 7 −14.76 4.2 19
0.506 7 −13.50 1.9 15
1.022 7 −12.62 3.3 16

a Parameters refer to reaction:H+ + Hi−1Phy(12−i+1)− = HiPhy(12−i)−.

Lj = −RT2
(
∂ ln

γj

∂T

)
(2)

whereγj is the activity coefficient. According to the Specific
ion Interaction Theory (SIT) we have:

logγj =
−z2

jAI0.5

1 + 1.5I0.5
+ �kε(j, k)mk (3)
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Fig. 3. 	H values vs. the protonation step (partial reaction) for some
phosphate ligands.�, PO3−

4 at I = 0.04 mol L−1 in NaCl; �, P2O4−
7

at I = 0 mol L−1; �, P3O5−
10 at I = 0 mol L−1; 	, Phy12− at

I = 0.100 mol kg−1.

whereε(j, k) is the interaction coefficient of thej-th species
with thek-th component (of opposite charge) with molality
mk [29]. For a single equilibrium in a solution containing
1:1 salt as supporting electrolyte

�jε(j, k)mk = 	εI (3a)

By combiningEqs. (1)–(3a)we have (for phytate proto-
nation):
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Fig. 4. 	H values vs. the protonation step (partial reaction) for phytate
ion and some polycarboxylate ligands in NaCl atI = 0.100 mol kg−1.
�, mal2−; �, cit3−; �, tca3−; �, btc4−; �, Phy12−.
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Table 4
	εi and	ε′

i values ofEqs. (4) and (5)for each phytate protonation step
(i)

I 	εi σa 	ε′
i σa

1 1.3 ± 0.2b 0.15 1± 2b 1.1
2 1.2 ± 0.2 0.12 11± 3 2.9
3 0.9 ± 0.2 0.10 7± 1 0.8
4 0.7 ± 0.1 0.08 4± 1 0.7
5 0.6 ± 0.1 0.07 4± 1 0.5
6 0.5 ± 0.1 0.05 3± 1 0.5
7 0.47± 0.09 0.03 2± 1 0.7

a Standard deviation of the fit.
b ±Standard deviation of refined parameters.

logKH
i = logKH0

i − 2(12− i + 1)AI0.5/(1 + 1.5I0.5)

+	εiI

= logKH0

i − z∗AD.H. + 	εiI (4)

with

A = −8.945+ 356.0

T
+ 1.4505lnT (4a)

for 273≤ T (K) ≤ 333, and

	Hi =	H0
i + RT2ln 10

[
−z∗ ∂A

∂T
D.H. + ∂	εi

∂T
I

]

=	H0
i − z ∗ A ′D.H. + 	ε′

iI (5)

with

A′ = RT2ln 10
∂A

∂T
= 1.5 (5a)

at t = 25◦C, and

	ε′
i = RT2ln 10

∂	εi

∂T
(5b)

KH0

i and	H0
i are, respectively, the protonation constant

and the protonation enthalpy for thei-th protonation step at
infinite dilution and at 25◦C.

By fitting data reported inTables 2 and 3(for stepwise
reactions) to equations 4 and 5 we obtained the difference
interaction coefficients	εi and their derivatives	ε′

i, that
are reported inTable 4. As expected,	εi values are a de-
creasing function of the protonation step (this trend is al-
ways observed in polyprotic acids) and can be expressed by
the linear equation:

	εi = 1.4− 0.15i (6)

For 	ε′
i values a quite different trend(i = 1) � (i = 2)

> (i = 3) >(other steps), corresponding to that of pro-
tonation constants, is observed. This unusual behavior is
attributed to a structural change between the first and the sec-
ond protonated species (or between second and third proto-
nated species, depending on medium and/or ionic strengths,
see[13,21]and references therein). The standard deviations
on the fit ofEqs. (4) and (5), reported inTable 4, are quite
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Fig. 5.	S vs.	G for all protonation steps of phytate ion (overall reaction)
at all ionic strengths.

acceptable, for both	εi and	ε′
i, when 4≤ i ≤ 7, but in-

crease significantly for the first three protonation steps: this
indicates that SIT model is suitable for the protonation of
moderately charged polyanions.

3.3. Empirical relationships

Thermodynamic parameters for the protonation of some
ligands show remarkable regularities. Very interesting is the
strict relationship betweenT	S and	G, described by many
authors, e.g., for carboxylic ligands[28,30] and references
therein. Protonation entropy data collected in this work for
phytate ligand allowed us to find similar trends.Fig. 5shows
the existence of a linear relationship between overall proto-
nationT	S and	G. These parameters, for all protonation
steps and for all the investigated ionic strengths, can be ex-
pressed by the empirical equation:

T	S = a + b	G (7)

with a = −17 ± 1, b = −0.944± 0.007 (± standard de-
viation). The correlation coefficient for the whole fit isr =
−0.999 and the standard deviation isσ = 3.0.

Studies already performed in our laboratories, on the pro-
tonation (and complex formation) constants of phytic acid
in several ionic media, also revealed the existence of very
strict and significant links between each protonation step. In
Fig. 6,T	S values for phytate protonation (overall reaction)
are plotted, for all investigated ionic strengths, versus the
protonation step (i). These values, at a given ionic strength,
are polynomial function of “i”, as expressed by the equation:

T	S = c + di + ei2 (8)

“c”, “d” and “e” are empirical parameters and their values,
for each investigated ionic strength, are reported inTable 5
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Fig. 6. T	S values vs. the protonation step (i) of phytate ion (overall
reaction), for all investigated ionic strengths.�, I = 0.100 mol kg−1; �,
I = 0.252 mol kg−1; �, I = 0.506 mol kg−1; 	, I = 1.022 mol kg−1.

together with the standard deviations of the fits and their
correlation coefficients. By taking into account the same
considerations done on experimental errors for previous fit,
we can state the goodness of this relationship. As expected,
the effect of ionic strength onT	S becomes more significant
for higher protonation steps, as evidenced inFig. 6.

3.4. Literature comparisons

As previously mentioned, among several papers published
on phytic acid, only a few deals directly with its acid–base
properties. Whilst some papers have been published deal-
ing with complex formation enthalpies among phytate and
metal cations[9–11], very few data are available on phy-
tate protonation enthalpies and entropies in aqueous solu-
tions [6,9]. Moreover, to our knowledge, no experiments
have been previously performed in NaCl media. We found
in literature two papers by the same research group deal-
ing with phytate protonation enthalpies determined in KCl
at I = 0.2 mol L−1 [6,9]. Despite the different background
electrolytes and ionic strengths considered, some compar-
isons can be made between our data and those reported in
these papers. In considering these works, one should take
into account that the authors determined ionization enthalpy
values for all 12 ionization steps grouping the first five and
the last three or four steps into single steps, whilst data re-
lated to each single protonation step till seventh are reported

Table 5
Empirical parameters of equation 8a for all investigated ionic strengths

I (mol kg−1) c db eb �c rd

0.100 −18 ± 6 60 ± 3 −2.8 ± 0.4 3.82 0.998
0.252 −23 ± 4 60 ± 2 −2.9 ± 0.3 2.42 0.999
0.506 −29 ± 3 62 ± 2 −3.4 ± 0.2 1.99 0.999
1.022 −27 ± 3 59 ± 2 −3.2 ± 0.2 1.74 0.999

a T	S = c + di + ei2; i = phytate protonation step.
b ±Standard deviation.
c Standard deviation of the whole fit.
d Correlation coefficient of the fit.

in this work. Our considerations are as follows: (i) the step-
wise protonation enthalpies follow the same trend for both
datasets, i.e. they slightly increase with increasing protona-
tion step; (ii) in both casesT	S is significantly higher than
corresponding	H, which are close to 0 kJ mol−1; (iii) where
“direct” comparisons are possible (for protonation steps 5≤
i ≤ 7), protonation enthalpies and entropies are of the same
order of magnitude. As an example, for the seventh pro-
tonation step atI = 0.252 mol kg−1 in NaCl we obtained
	H = 4.2 andT	S = 19 kJ mol−1, Marini et al.[6] report
(in KCl 0.2 mol kg−1) 	H ∼ 4.7 andT	S ∼24 kJ mol−1,
respectively.
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