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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 (AL < I/mol L™ < 1) and at = 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” §¢lg< 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 stréng@hgalues 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 logk” and AH; was taken into account by Specific ion Interaction Theory (SIT). Useful predictive relationships for the
dependence cfFASon AG and on protonation step “i” were proposed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the protonation constan{g0,21]; (ii) the complex forma-
tion constants with alkali metal catiofl]; (iii) the binding
Since the announcement, in 1903, of the massive pres-ability towards other ligands of biological or environmental
ence, in several seeds, of 1,2,3,4,5,6 hexakis (di-hydrogeninterest as, for example, biogenic amirj28]; and (iv) the
phosphate)myo-inositol (IUPAC name), best known as solubility of some calcium complexg23]. In these stud-
phytic acid, many papers and reviews dealing with the ies, several equations for the dependence of equilibrium
chemico-physical properties and the several biological constants on ionic medium and/or ionic strength have been
functions have been published [1aid references therein]. proposed, together with many different relationships with
Despite this, few papers report quantitative results on the predictive purposes. Comparisons among phytic acid and
acid—base properties or on the interactions with alkali metal other ligands have also been made.
ions, and data published by different laboratories are often  As a further contribution to phytate speciation in different
inconsistenf4—19]. Moreover, most experiments have been aqueous media, the results of a calorimetric investigation
performed at a single ionic strength and in a single ionic on phytate protonation in sodium chloride, the most im-
medium, and, therefore, are of low interest for speciation portant inorganic salt in natural fluids, are reported in this
studies in natural fluids. For this reason, our research grouppaper. Phytate protonation enthalpies and entropies were de-
undertook a systematic study on the chemico-physical be-termined by direct calorimetric titrations at different ionic
havior of phytic acid in aqueous solutions in various ionic strengths (@ < 7/molL~! < 1). Some papers dealing with
media and at different ionic strengths. We determined: (i) complex formation enthalpies between phytate and metal
cations have been publishf-11]and a few data are avail-
 Previous contributions to this serigi20—23]. able on phytate protonation enthalpies and entropies in aque-

* Corresponding author. Tek:39-090-393659; fax:-39-000-302827.  OUS solutiong6,9], but, to our knowledge, no experiments
E-mail address; sammartano@chem.unime.it (S. Sammartano). have been performed in NaCl media. Here, comparisons
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among results obtained for protonation of phytate and for 3. Results and discussion

other phosphoric and carboxylic ligands are made, and some

useful relationships are proposed. 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
correspondingAG values calculated from the protonation

Hydrochloric acid and sodium hydroxide solutions were constants in NaCl reported in ref20,21]and converted in
prepared by diluting concentrated ampoules (Riedel de the molal scale (se€able 2). The same thermodynamic pa-
Haen). Solutions of HClI and NaOH were standardized rameters for each stepwise protonation reaction are shown
against sodium carbonate and potassium hydrogen phthain Table 3. As can be observed from these Tables, only the
late, respectively. NaCl was prepared by weighing pure first seven protonation steps were taken into account, ow-
salt (Fluka) dried in an oven at 12Q. Phytic acid do- ing to the fact that the remaining five protons of phytic acid
decasodium salt solution (sodium phytate,1pRhy) was could be considered as “strongly acidic” (1&g’ < 1, 8 <
prepared by weighing SIGMA product. Concentration was i < 12). The analysis offables 1 and vidences slight
checked by acidimetric titrations. All solutions were pre- variations among enthalpy and entropy values, for the same
pared with analytical grade water 8 18 MQ cm™1) using protonation step (i), at different ionic strengths. This aspect
grade A glassware. is better clarified inFigs. 1 and 2, where overdllAS and
AH for each phytate protonation step are plotted versus the
square root of ionic strength. As concerns the stability of the

2. Experimental section

2.1. Chemicals

2.2. Apparatus and procedure

Calorimetric measurements were carried out at 25-600

0.001°C using an apparatus consisting of a Model 450 250 i::: ::: b RN -

Tronac isoperibol titration calorimeter coupled with a Kei- N Freee o IIX
they 196 system digital multimeter. Titrant was delivered < 2004 T Orormmrnnnecs O o
by a 2.5mL capacity Hamilton syringe (model 1002TLL). g Voo A e
The apparatus was connected to a PC, and automatic titra- D 1501 v
tions were performed using a suitable computer program < ] T Acrroeeneenes Acmsrceeeeen A
to control calorimetric data acquisition. The accuracy of 4 1004 o

the calorimetric apparatus was checked by titrating Tris I . A o
[tris-(hydroxymethyl)amino-methane] with HCI, and was 509 Qe S oo
estimated to be + 0.008 J andv & 0.001 mL. Calorimet- obs ok o -1-_&?0

ric measurements were performed by titrating 50 mL of the
solution containing NgPhy (0.8—2mmol 1) and NaCl

(in order to obtain the pre-established ionic strength values, Fig. 1. TAS values vs. the square root of ionic strength for all protonation
0.1 = I/mol L1= 1) with HCI standard solutions. Before  steps of phytate ion (overall reactio), i = 1; O, i = 2; A, i = 3; v,
each experiment, the heat of dilution was measured underi =4; ¢, i=5; +,i=6; x, i =7.

the same ionic strength condition.

(1/ mol Kg™)*®

-10
2.3. Calculations O..
-15- -
Calorimetric titration data were analyzed by the ES5CMI H'_O B Deemmeeemmeeemmeeeee O
computer progranfi24]. The LIANA program was used to £ -20-
test the dependence of thermodynamic parameters (AH, 2
TAS, AG) for the protonation of phytate ion on ionic ~ -25-
strength and to calculate their values at infinite dilution E
(I = 0molkg™) [25]. -30
All thermodynamic parameters are referred to the single
protonation step. -35 - - -
0.25 0.50 0.75 1.00

HY + H;_1Phy12- 41— — gphy12-)-
or to the overall protonation equilibrium

iHT + Phy!?~ = H;Phy12-0-

(I / mol Kg™)*®

Fig. 2. AH values vs. the square root of ionic strength for all protonation
steps of phytate ion (overall reactioh)], i =1, O, i=2;A,i=3; v,
i=4,0,i=5+,i=6; x,i=1.
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Table 1

Overall thermodynamic parametgror protonation of phytate ion at 2& and at different ionic strengths

I (molkg™1) Protonation step (i) AG (kJmol 1) AHP (kI mol 1) TAS (kImol?)
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 —-188+ 14 32+ 2
1.022 1 —49.55 —-185+ 24 31+ 3
0.100 2 —110.83 —248+ 1.3 86 + 2
0.252 2 —106.48 —24.0+ 0.9 82+ 1
0.506 2 —103.37 —-239+ 0.7 80+ 1
1.022 2 —100.59 —240+ 1.1 77+ 2
0.100 3 —165.04 —-284+ 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 —271+ 14 122+ 2
0.100 4 —211.49 —-30.8+ 2.2 181+ 3
0.252 4 —202.74 —-320+ 15 171+ 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 —-315+ 25 217+ 4
0.252 5 —237.82 —-324+18 205+ 3
0.506 5 —229.95 -31.0+ 14 199+ 2
1.022 5 —222.70 —-31.1+ 23 192+ 3
0.100 6 —278.54 —-315+ 25 247+ 4
0.252 6 —265.78 —-32.0+ 1.7 234+ 3
0.506 6 —256.46 —-316+15 225+ 3
1.022 6 —247.88 —-314+ 24 216+ 3
0.100 7 —294.97 —26.5+ 2.7 268+ 4
0.252 7 —280.54 —-278+ 1.9 253+ 3
0.506 7 —269.96 —29.7+ 1.8 240+ 3
1.022 7 —260.50 —-28.1+ 31 232+ 4

a parameters refer to reactioidt + Phy'>~ = H,Phy12-)—
b + Standard deviation.

Table 2

OveralP and stepwis (in parenthesis) protonation constants for phytate ion in NaCl at different ionic strengths a@d 25

I (molkg™t) log log gl log g log g2 log g2 log g2 log g%

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 g, refer to reactioniH* + Phy'>~ = H;Phy*2~)~, _
b k!, referred to reactionH™* + H;_1Phy?2-*+D~ — g;phy12)-

protonated species of phytate, several discussions have ali,2,3,4-butanetetracarboxylate, bfeg] and is plotted in
ready been made in previous papg8,21]. However, this Fig. 4.

contribution better clarifies the nature of this stability; in

fact, TAS values for each protonation step are significantly 35 |onic strength dependence of protonation

higher than the corresponding enthalpy changes. This indi'thermodynamic parameters

cates the entropic nature of the bond involved in phytate

protonation, as usual for electrostatic interactions in aque- Tpe dependence on ionic strength of equilibrium en-
ous solution. The enthalpy changes generally increase forthalpies is given by:

each protonation step. This behavior is typical for phosphate

ligands, as better illustrated iRig. 3, whereAH values AH = AH® + XjviL; 1)
(stepwise reaction) for some phosphate ligands are plotted

versus the protonation stép6,27]. This trend is opposite  whereAH? is the infinite dilution enthalpyL, ; is the relative

to the one shown by some other polyanionic ligands as, partial molar enthalpy for the reactants with stoichiometric
for example, some polycarboxylates (malonate, mal; citrate, coefficientsv;. The relative partial molar enthalpy is given,
cit; 1,2,3-propanetricarboxyate or tricarballylate, tca; and in turn, by:
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Table 3
Stepwise thermodynamic paramefefsr protonation of phytate ion at different ionic strengths and@5
I (molkg™) Protonation step (i) AG (kJmol?) AH (kJmol?) TAS (kJmot?)
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 -55 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 —-24 44
0.252 4 —44.28 -2.7 42
0.506 4 —42.67 -25 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
2 parameters refer to reactioft™ + H;_1Phy12- i+~ = g;phy12-)—,
L. — _RT2 (3 In ﬁ) @) wheree(], K) is the interaction coefficient of theth species
/ d with the k-th component (of opposite charge) with molality

) o o . _ m [29]. For a single equilibrium in a solution containing
wherey ; is the activity coefficient. According to the Specific  1:1 salt as supporting electrolyte

ion Interaction Theory (SIT) we have:

Xie(j, kmy = Ael (3a)
—72A105
logy; = —2——= + Zke(j, kymy (3) By combiningEgs. (1)—(3awe have (for phytate proto-
1415005 -
nation):
104 %
/ X/A v *] <
© 0- — _’v/ - ]
E 6//;/V/v s \ v &
iy
= 101 / E | O w
- —
T V—v X 5
< ~
-20- E g
-10-
-30+ q T T T T T T 1 <> - <>
1 2 3 4 5 6 7 -15 T T T T T T T T T T T T T
i 1 2 3 4 5 6 7
i
Fig. 3. AH values vs. the protonation step (partial reaction) for some
phosphate ligandd], PG;~ at I = 0.04molL~! in NaCl; O, P,0%" Fig. 4. AH values vs. the protonation step (partial reaction) for phytate
at I = OmolL™%; A, PsO3; at I = OmolL™Y; v, Phy* at ion and some polycarboxylate ligands in NaCl Jat= 0.100 molkg™.

I =0.100 molkg2. O, maP—; O, cit’~; A, tca~; A, btc*—; O, Phy?-.
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Table 4
Ag; and Ag; values ofEgs. (4) and (5for each phytate protonation step

0]

| As; o2 Aég] o2
1 1.3+ 0.2 0.15 14 20 1.1
2 12+ 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 0.474+ 0.09 0.03 2+ 1 0.7
a Standard deviation of the fit.
b 4 Standard deviation of refined parameters.
logk” =log kH* — 212 — i + 1) AI%3/(1 + 1.51°5)
+ Ag;l
=log K™ — *AD.H. + Aé;1 (4)
with
356.0
A = —8.945+ 7 + 1.4505InT (4a)
for 273< T (K) < 333, and
0A dA¢g;
AH; = AH? + RT?In10| —z* —D.H. 'l
i it [ b4 9T + 9T ]
=AH? — 7%« A'D.H. + Agil (5)
with
0A
A'=RT?n10— =15 (5a)
aT
atr = 25°C, and
0Ag;
Ag, = RT?In 10— 5b

Kf’o and AH,.O are, respectively, the protonation constant
and the protonation enthalpy for tiwth protonation step at
infinite dilution and at 25C.

By fitting data reported inrables 2 and Jfor stepwise
reactions) to equations 4 and 5 we obtained the difference
interaction coefficients\e; and their derivativese;, that
are reported ifTable 4. As expectedie; values are a de-
creasing function of the protonation step (this trend is al-

67

250
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1504

TAS / kJ mol™
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]
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AG / kJ mol™

300 -250

Fig. 5. ASvs. AG for all protonation steps of phytate ion (overall reaction)
at all ionic strengths.

acceptable, for botthe; and A}, 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 betweehASandAG, described by many
authors, e.g., for carboxylic ligand28,30] and references
therein. Protonation entropy data collected in this work for
phytate ligand allowed us to find similar trené$y. 5shows
the existence of a linear relationship between overall proto-
nationTAS and AG. These parameters, for all protonation
steps and for all the investigated ionic strengths, can be ex-
pressed by the empirical equation:

TAS = a + bAG ©)

with a = —17+ 1, b = —0.944+ 0.007 (& standard de-
viation). The correlation coefficient for the whole fitris=
—0.999 and the standard deviationdis= 3.0.

ways observed in polyprotic acids) and can be expressed by = syydies already performed in our laboratories, on the pro-

the linear equation:

Ae;j = 1.4— 0.15i (6)

For A¢} values a quite different trend = 1) < (i = 2)
> (i = 3) >(other steps), corresponding to that of 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, TASvalues for phytate protonation (overall reaction)

are plotted, for all investigated ionic strengths, versus the

tonation constants, is observed. This unusual behavior isprotonation step (i). These values, at a given ionic strength,
attributed to a structural change between the first and the secare polynomial function of “i”, as expressed by the equation:
ond protongted specie; (or betwegn second "_"”d_ third proto-r\ ¢ _ .. 1 di 4 @ ®)
nated species, depending on medium and/or ionic strengths,

see[13,21]and references therein). The standard deviations “c”, “d” and “€” are empirical parameters and their values,
on the fit of Egs. (4) and (5), reported ifable 4, are quite  for each investigated ionic strength, are reportedéhble 5
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300 in this work. Our considerations are as follows: (i) the step-
wise protonation enthalpies follow the same trend for both
o 2507 datasets, i.e. they slightly increase with increasing protona-
g 2004 tion step; (i) in both case§ASis significantly higher than
- corresponding\H, which are close to 0 kJ mot; (iii) where
< 150+ “direct” comparisons are possible (for protonation steps 5
%)) i < 7), protonation enthalpies and entropies are of the same
<1 100+ :
[ order of magnitude. As an example, for the seventh pro-
tonation step af = 0.252molkg ! in NaCl we obtained

50
AH =42 andTAS = 19kJ mot !, Marini et al.[6] report

(in KCl 0.2molkg™!) AH ~ 4.7 andTAS ~24kJmot?,
i respectively.

o

Fig. 6. TAS values vs. the protonation step (i) of phytate ion (overall
reaction), for all investigated ionic strengthis, 7 = 0.100 molkg®; O,
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