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Electrochemical Study on the Stability of Phytate Complexes with Cu?", Pb?",
Zn?", and Ni%": A Comparison of Different Techniques'
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The formation constants of various M/Phy systems (M = Cu?", Zn?", Pb?", Ni?*; Phy = Phytate) were
determined in NaNOs solutions at 0.1 < I/mol-L™! < 1.0 and T = 298.15 K, by potentiometry and
voltammetry. The formation constants of the Cu/Phy and Zn/Phy species, already determined, were reanalyzed
together with new voltammetric and potentiometric experiments at low concentrations. A new potentiometric
and voltammetric study was carried out on the Ni/Phy and Pb/Phy systems. For all of the investigated
systems, the dependence on ionic strength was modeled by the Debye—Hyiickel and the specific interaction
theory (SIT) approaches. The sequestering ability of phytate was evaluated toward the considered cations
by calculating the pLso values (i.e., the total ligand concentration necessary to bind 50 % of the cation
present in trace) at different ionic strengths and pH. A complete set of “suggested” formation constants was
provided. A comparison between the formation constants obtained for the Zn/Phy, Cu/Phy, and Pb/Phy
systems reveals that the interactions of phytate with Zn?*, Cu?*, and Pb?* are quite similar, while the Ni/
Phy species showed a weaker complexation. For example, for the MHsPhy species, log K3 = 7.81, 7.51,
7.10, and 5.97 for Zn?*, Cu?*, Pb?", and Ni®*, respectively. The same trend is observed concerning the

pLso. Their dependence on pH and ionic strength was modeled by two empirical equations.

Introduction

Recently, phytic acid (denoted in this work as Phy) [1,2,3,4,5,6-
hexakis(dihydrogen phosphate)myo-inositol] has been studied
by many authors in various research fields (see, for example, refs
2 to 6). The increasing interest in the study of this molecule is due
to the behavior that phytate plays in aqueous solution (biological
fluids, natural and waste waters, soil solutions), where it strongly
interacts with many metal and organometal cations, proteins and
starch, regulating their bioavilability into living organisms.>~8
Phytic acid is regarded as the primary storage form of both
phosphate and inositol in plant seeds and grains (see, also ref 9
and references therein); it has been reported to be an antioxidant
(see also refs 10 and 11). It shows marked anticarcinogenic/
antineoplastic properties (e.g., refs 10 and 12), and it may reduce
and prevent kidney stone formation.*® Many of these characteristics
are strongly related to the complexing abilities of phytate toward
cations essential for biological systems. On the other hand, the
characterization of the phytic acid properties represents a chal-
lenging task for modern chemists. It is a unique molecule, a
dodecanion in its fully deprotonated form; its structure presents a
phosphate group linked to each carbon atom of a cyclohexane
skeleton® (see Figure 1). Phytic acid presents 12 protonation steps
over a wide pH range, giving to it the possibility to be a strong
complexing agent over all of the pH range. The difficulties in the
study of phytic acid are mainly related to its high charge, that may
cause variation in the effective value of ionic strength, and to the
low solubility of some metal complexes, that restricts the inves-
tigable pH range.

T Speciation of phytate in aqueous solution. Last contribution to this series:
ref 1.
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Figure 1. Structural formula of phytic acid.

In the past, many authors®**~*8 reported studies on the

acid—base properties and complexing ability of phytate toward
several metal ions. Despite these studies, which were performed
in different experimental conditions (ionic medium, temperature,
and analytical techniques), the data reported in the literature
do not give a clear picture of phytate behavior in aqueous
solutions. Moreover, the discordance between the literature data
did not allow a definition of the critical values for the protonation
and complex formation constants.

For all of these reasons, the aim of the present paper is to
define a critical speciation scheme for some M/Phy (M = Cu?*,
Pb?*, Zn?*, Ni?") systems, which is independent from both the
adopted experimental conditions and the analytical techniques
used to obtain the thermodynamic parameters. To reach this
objective, the four M/Phy systems were studied at different ionic
strengths and with different analytical techniques, such as ISE-
H™ potentiometry and DP-ASV (differential pulse-anodic stip-
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ping voltammetry), and varying any possible experimental
condition (reagent stocks, solution concentrations, operators,
etc.). The two cited electrochemical techniques give comple-
mentary information concerning solution equilibria. In fact, since
potentiometry does not allow performing equilibrium studies
at low reagent concentrations (below ~0.5 mmol L) and since
phytic acid forms strong complexes with metal cations, the
formation of polynuclear species can be obtained also in
relatively dilute solutions (with cy:c_ molar ratios in favor of
the metal); nevertheless, since in this study very low component
concentrations were used, we did not observe the formation of
polynuclear species (these species were rejected systematically
in the refinement procedure). If voltammetry is used as an
instrumental technique, much lower reagent concentrations can
be used, giving the possibility of an investigation of wider pH
ranges, since the formation of sparingly soluble species can be
avoided. For Pb?" and Ni?* both potentiometric and voltam-
metric titrations were carried out at T = 298.15 K and 0.1 <
[/mol-L™! < 1.0 in NaNOs;, while for Zn** and Cu?*, only
voltammetric measurements were performed at the same tem-
perature and in the same ionic strength range, since potentio-
metric results were already published.***® The formation
constants of the four M/Phy systems, obtained at different ionic
strengths, were analyzed to determine the ionic strength
dependence parameters according to Debye—Houickel and specific
ion interaction theory (SIT) type equations. An analysis of
potentiometric, voltammetric, and literature data allowed us to
propose “suggested” values for the formation constants of the
above cited systems. Speciation and sequestration (by the
calculation of pLsy values, representing the total ligand con-
centration necessary to bind 50 % of a cation present in trace)
studies were also performed to give information on the
complexing ability of this ligand, for possible applications in
remediation.

Experimental Section

Chemicals. Phytic acid aqueous solutions were prepared by
weighing the Aldrich dipotassium salt, K,H;,Phy, and passing
them over a strong cationic exchange resin (Dowex 50WX8
from Fluka) in H* form. The phytic acid concentrations were
checked potentiometrically by alkalimetric titrations, while the
concentration of potassium in the acid solutions was investigated
by flame emission spectrometry, and it resulted always in a value
lower than the LOQ (limit of quantification) (< 0.1 ug-L™%).
Zn?" and Cu?" were used as nitrate salts (Fluka), while Ni?*
was used as the chloride salt (Fluka); Pb>" solutions were
prepared from 1 g-L~* standard solutions (in nitric acid). Each
salt was used without further purification. The metal solutions
were standardized against ethylenediaminetetraacetic acid (EDTA)
standard solutions,?* and the purity was always > 99.5 %. Nitric
acid and sodium hydroxide solutions were prepared by diluting
concentrated ampules (Riedel-deHaén) and were standardized
against sodium carbonate and potassium hydrogen phthalate,
respectively, previously dried in an oven at T = 383.15 K for
two hours. The NaNO; solutions were prepared by weighing
the pure salt (Fluka) dried in an oven at T = 383.15 K for two
hours. All solutions were prepared with analytical grade water
(R= 18 MQ-cm™) using grade A glassware.

Apparatus and Procedure for Potentiometric Measure-
ments. Potentiometric measurements of Pb/Phy and Ni/Phy
systems were carried out (at T = 298.15 + 0.1 K in thermo-
statted cells) by two operators using two different setups, to
minimize systematic errors and to check the repeatability of
the systems. The first setup consisted of a model 713 Metrohm

Table 1. Experimental Conditions for the Investigated M/Phy
Systems at T = 298.15 K in NaNO;

DPASV

M o o’ I/mol-L™*  pH range Ege® taep” Eq.time®
Zn?t 1.0-4.0 03-2.0 0.15-1.00 3-10 -12 40 20
Cu?* 1.0-4.0 0.3—2.0 0.13,0.50, 1.00 3-10 —0.2 40 20
Pb** 1.0-4.0 01-2.0 0.13—1.00 3-10 -08 50 30
Ni?* 1.0—-4.0 0.1-2.0 0.13—1.00 3-10 —-1.2 45 30

ISE-HT

o c’ I/mol-L~t pH range
Pb?*+ 0.8—-2.0 1-6 0.12 and 0.50 25-85
Ni2+ 0.8—4.0 1-6 0.13 and 0.50 2—-10

2In ymol-L~%. PIn mmol-L~% ¢In V (Volt). ¢In s (second). Purge
time is 300 s, and step potential is 1.5 mV in all cases for DP-ASV.

potentiometer, equipped with a half-cell glass electrode (Ross
type 8101, from Orion) and a double-junction reference electrode
(type 900200, from Orion), and a model 765 Metrohm motorized
buret. The apparatus was connected to a PC, and automatic
titrations were performed using a suitable homemade computer
program to control titrant delivery, data acquisition, and to check
for emf stability. The second setup consisted of a Metrohm
model 809 Titrando apparatus controlled by Metrohm TiIAMO
1.2 software equipped with an Orion (Ross model 8101) glass
electrode and an AQ/AgQCI reference electrode. Estimated
precision was + 0.15 mV and £ 0.003 mL for the emf and
titrant volume readings, respectively, and was the same for both
setups. All of the potentiometric titrations were carried out under
magnetic stirring and bubbling purified presaturated N, through
the solution, to exclude O, and CO,. For both the Pb/Phy and
the Ni/Phy systems, similar experimental conditions were chosen
(summarized in Table 1). The titrand solution consisted of
different amounts of phytic acid [(1 to 6) mmol-L™!], metal
cation [(0.8 to 4) mmol-L~Y], and NaNO; to obtain the pre-
established ionic strength values (0.12 < I/mol-L™! < 0.50).
All of the measurements were performed with an excess of
ligand, by titrating 25 mL of the titrand solution with standard
NaOH solutions up to pH ~ 10, except that for the Pb/Phy
system, where the formation of a scarcely soluble species was
observed at lower pH values (pH ~ 8.5). For each experiment,
independent titrations of strong acid solutions with standard base
were carried out under the same medium and ionic strength
conditions as the systems to be investigated, with the aim of
determining the electrode potential (E) and the acidic junction
potential (E; = j, [H*]). In this way, the pH scale used was the
total scale, pH = —log [H*], where [H*] is the free proton
concentration. For each titration, (80 to 100) data points were
collected, and the equilibrium state during titrations was checked
by adopting some usual precautions.?® These included checking
the time required to reach equilibrium and performing back-
titrations. For measurements performed at low ionic strengths,
the contribution of the ligand to the total ionic strength has to
be considered. This topic will be discussed later.

Apparatus and Procedure for Voltammetric Measure-
ments. All M/Phy (M = Zn?*, Cu?*, Pb?*, and Ni?") systems
were studied by voltammetric measurements. The DP-ASV
experiments were carried out at T = (298.15 + 0.1) K in
thermostatted cells by a Metrohm 663 VA Stand (Series 05)
workstation, equipped with a three-electrode system supplied
by Metrohm, consisting of: (i) a multimode mercury electrode
(MME, model 6.1246.020) filled with 99.9999 % mercury
(electronic grade, from Aldrich) working in SMDE mode (static
mercury drop electrode), (ii) a glassy carbon (GC) auxiliary
electrode (AE) (model 6.1247.000), and (iii) a double junction
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Ag/AgCI/KCI (3.0 mol-L™?) reference electrode (RE) (model
6.0728.000 + 6.1245.000). The workstation was connected to
a uAutolab type 111 potentiostat/galvanostat (Eco Chemie) with
an IMEG663 interface (Eco Chemie). The whole system was
controlled by the GPES v. 4.9 software (Eco Chemie). The free
hydrogen ion concentration in the DP-ASV experiments was
measured before and after each voltammetric run by using the
same kind of apparatus and procedure already described in the
previous section. The DP-ASV measurements were performed
on 25 mL of solution containing known amounts of metal (10~°
< cy/mol-L~! < 107%) and NaNO; to obtain a pre-established
ionic strength value (0.13 =< I/mol-L™! < 1.0). Different
amounts of ligand were added to reach a total ligand concentra-
tion in the cell ranging between (0.1 and 2.0) mmol-L™?, with
five different c_:cy molar ratios (40:1 < c_:cvy < 200:1). For
each ratio, at least three voltammetric titrations were carried
out by adding standard NaOH to the solution containing M and
Phy and recording a voltammogram after each addition. For
each titration, 30 to 40 voltammograms (with the corresponding
pH values) were recorded in the pH range 3.0 < pH < 10.0.
The experimental details are summarized in Table 1. For each
metal, the experimental conditions were chosen after preliminary
DP-ASV and CV (cyclic voltammetry) measurements, with and
without phytate in solution, in which various parameters were
systematically varied to select those giving the best performances
in terms of signal/noise ratio, single measurement speed,
repeatability, and so forth. The electrochemical behavior of
phytic acid was also tested, and no electrochemical process was
evidenced in the investigated conditions.?® The reversibility of
the redox process was also checked by CV measurements. The
processes were reversible in the presence of phytate up to pH
= 10.0; only in the case of Zn?" we observed some peak
distortions at pH > 10.0. The DP-ASV titrations were carried
out automatically; this possibility was guaranteed by the
development of a homemade automated system for interfacing
the GPES system for voltammetry and the 809 Titrando (for
potentiometry). They were connected by a remote box, pur-
chased from Metrohm (model 6.2148.010), and the communica-
tion was established by a serial bus port and by setting the
parameters on both instruments (in the setting menu of the
software). Successively, the methods for the two instruments
were created; the whole setup was controlled by the 809
Titrando.

Calculations. The calculation programs are reviewed in ref
24. The nonlinear least-squares computer program ESAB2M
was used for the refinement of all of the parameters of the
acid—base titrations (E°, Ky, liquid junction potential coefficient,
ja analytical concentration of reagents). The BSTAC and
STACO computer programs were used in the calculation of
complex formation constants. Both programs can deal with
measurements at different ionic strengths. The ES4ECI program
was used to draw the speciation and sequestration diagrams,
and to calculate species formation percentages. The LIANA
program was used to fit different equations. The protonation
constants of phytate are given according to the equilibria

H" + Hy_yPhy ™% = HPhy'*? K'Y Q)

or
iH" + Phy* = HPhy'** B e

The complex formation constants are given according to the
equilibria:

M?* + H,Phy** = MH,Phy"*"? Ki ()

or
M?" + iH" + Phy? = MH,Phy%"2 B (4
According to recent work,®?® z = —7, since the strong

interactions between highly charged anions, such as phytate,
and the cation of the supporting electrolyte lower the effective
charge of the ligand, so that the completely deprotonated phytate
form in Na* aqueous media is NasPhy’~

It is well-known (e.g., in refs 27 and 28) that, for a ligand L
and a metal cation M at fixed c_:cy molar ratios and varied
pH, the peak potential shift due to the formation of labile
complex species at any pH value is given by:

Cy RT Icomp
comp RSN _ v RSN
E In [M] + I gee

— =t
AEp — Epree _
©)

where R is the gas constant, T is the temperature (in K), F is
the Faraday constant, n represents the number of electrons
involved in the redox process, AE,; is the peak shift due to the
difference between the peak potential of the free metal (E,™)
and that of the metal in the presence of the ligand (E,“™), i,%™
and i,™ are the peak heights (current intensities) with and
without ligand in solution, respectively, and cy and [M] are
the analytical and the free metal ion concentration, respectively,
at any pH value. The left-hand side of the equation and the
term relative to the peak intensities are directly obtained from
experimental data, while the term containing the free metal
concentration is given by solving the correct mass balance
equations. Working with high c,_:cy molar ratios and at relatively
low metal concentrations (< 10~* mol+-L™1), the assumption that
no polynuclear species are formed is reasonable. By taking into
account this assumption, the free cation concentration [M] at
any pH value is given by:

Cm
M] = — (6)
L+ 3 By [HITLY

with

14+ Y BH]

where B! (see eq 2) represents the overall protonation constants
of the ligand. Equation 7 is only valid in this form when ¢, >
cwv, and complex species can be neglected in the mass balance
of the ligand, as in our case. Both the right and the left-hand
sides of eq 5 are pH-dependent and are valid for a fixed ¢ :cu
molar ratio. The LIANA computer program was used to fit the
experimental data and to calculate the formation constants of
various MH;Phy'*#2 species.

The conversion from the molar to molal scale for the different
supporting electrolytes was obtained using the appropriate
density values.?®
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The dependence on the ionic strength of the formation
constants can be obtained by the simple Debye—Hiickel type
equation

VI

|Og Ki = |Og TKi - 051'2"’T15\/|_

+ 1) (8)

p* = Z(mOIeS)reactants - Z(mOIeS)products (9)

z = Z(Charges)zreactants - z(ChHTQES)meducts
(10)

(K; = formation constant; TK; = formation constant at infinite
dilution.) Equation 8 is also valid for the overall equilibrium
constants, ;. f(l) is a linear function of ionic strength that can
be formulated in different ways. The simplest expression for
this term is f(I) = CI, where C is the only adjustable parameter.
Usually, this simple choice is sufficient to explain the experi-
mental data trend in a wide ionic strength range, generally
< 1.0 mol-L"2. For higher ionic strength values, or supporting
electrolytes such as (CH3);NCI, C may be dependent on ionic
strength, and expressed as:*°

P Tl
C=c,+ 71

(11)

in which c.. is the value of C at | — = and ¢, the relative value
at| — 0.

From a general point of view, the protonation steps or the
complex formation reactions can be expressed as a function of
the activity coefficients as follows (charges omitted for simplicity):

H+H;_yL =HL (12)

log K{* = log 'K, + log y,, + log VHipt log v,
(12a)

M + HL = MHL (13)

log KMHiL = log TKMHiL + log yy + log YHL T log YMHL
(13a)

If the molal concentration scale is used, eq 8 becomes the SIT*
equation, where f(I) = Aegdl; & is the specific interaction
coefficient between the species involved in the equilibria and
the ions of the supporting electrolyte. If NaNO; is used as
supporting electrolyte, for the equilibrium in eq 1, it is:

Ae = &(H",NO;") + e(Na*, H;_, L' 9) —
e(Na*, HL™) (14)

For the equilibrium in eq 3 (metal—ligand complexes), it is:

Ae = ¢(M**,NO;") + e(Na*, HLI?) —
e(Na*/NO,~, MH,L(*#"2))  (15)

Table 2. Phytate Protonation Constants at Infinite Dilution and
Specific Interaction Coefficients in NaNO3z at T = 298.15 K

HiPhy(~?
i log A 2 £(H;Phy,Na)®
1 11.20 4 0.06° —2.20 4+ 0.09°
2 22.47 4+ 0.06 —2.55 4+ 0.09
3 33.08 + 0.02 —2.42 £0.10
4 42.12 +£0.04 —2.27 +£0.11
5 49.21 £+ 0.05 —1.96 £ 0.13
6 54.76 4+ 0.05 —1.514+0.15
7 57.92 +0.05 —1.159+0.17

aRefers to eq 2. P Parameters of eq 14. °+ 95 % C.I. 9k, value of
the H,Phy® neutral species (see eq 16).

When, from the interaction between the metal ion and the ligand,
the formation of a neutral species is observed, it is:

Ae = e(M*",NO;") + e(Na', H_, ,L*) — k,
(16)

where ki, is the Setschenow coefficient of the neutral species.
As also described for the empirical parameter C in eq 11, ¢
may be expressed as a function of ionic strength® (see eqs 17
and 18).

e 42 17
e=e.t o7 17

or
e=9+ Ying + 1) (18)

Generally, for I < 3.0 mol-L™* (I < 1 mol-L™* in our case),
the single parameter ¢ is sufficient to fit the experimental data.

Results and Discussion

Protonation of Phytate and Hydrolysis of Metal lons.
Phytate protonation constants were previously determined in
NaNO; at different ionic strengths; % the results were reanalyzed
by the SIT model, and a paper on phytate protonation is in
press.?® Table 2 reports phytate protonation constant values at
infinite dilution and the relative parameters for the ionic strength
dependence in NaNOs. With regard to the metal ions, since
phytate inhibits strongly their hydrolysis,**2°%%3* we used as
metal hydrolysis constants the recommended values reported
by Baes and Mesmer®® in perchlorate aqueous solutions: in fact
both NO3™ and CIO,~ can be considered “weakly interacting”
anions toward the metal cations. This approximation does not
involve a loss of accuracy in our calculations.

Formation of Copper(l1)—Proton—Phytate Species. From
the analysis of the voltammetric experimental data by eq 5, in
the pH range 3.0 < pH < 10.0, the formation of five
mononuclear CuH;Phy®)~ species (with i = 2 to 6) was
evidenced, namely, CuH,Phy®~, CuHsPhy?>~, CuH4Phy~,
CuHsPhy®, and CuHgPhy*. The corresponding formation con-
stants at different ionic strengths are reported in Table 3. The
formation constant values show a lowering trend with increasing
ionic strength. The results were compared and analyzed together
with those obtained by Crea et al.?° (see values in parentheses
in Table 3), where the formation constants were derived by both
ISE-H* and ISE-Cu?" measurements. Two different speciation
models were obtained: from ISE-H™ measurements, the
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Table 3. Formation Constants of Cu/Phy Species at T = 298.15 K in NaNO; at Different lonic Strengths

I/mol-L~t log Ky? log K3?* log K2 log Ks? log Kg* technique ref
0.103 (4.75)° ISE-Cu?* 20
0.130 9.41 4+ 0.05° 7.53 +0.05 5.88 + 0.05 4.47 £ 0.03 3.28 +0.07 DP-ASV this work
0.134 (5.04)° ISE-H* 20
0.247 (3.95)° ISE-Cu?* 20
0.291 (5.83)° (3.95)° ISE-H* 20
0.497 (3.47)° ISE-Cu?* 20
0.500 8.28 +£0.04 6.69 + 0.04 5.24 £0.04 3.91+0.02 2.68 + 0.07 DP-ASV this work
0.538 (5.47)° (3.61)° ISE-H* 20
0.748 (3.30)° ISE-Cu?* 20
0.770 (5.35)° (3.38)° ISE-H* 20
0.938 (3.47)° ISE-Cu?* 20
1.000 7.63 +0.05 6.12 +0.04 4.80 +0.04 3.63+0.03 2.60 + 0.07 DP-ASV this work
1.019 (5.3)° (3.52)° ISE-H* 20

aRefers to eq 3. P& 95 % C.1. © Literature values.

Table 4. Formation Constants of Pb/Phy Species at T = 298.15 K in NaNOj at Different lonic Strengths

I/mol-L~* log K;# log K32 log K3? log K2 log Ks? log Kg? technique
0.120 10.54 + 0.10° 8.95+0.10 7.42 +0.09 5.95 + 0.07 4.52 +0.06 3.16 +0.06 ISE-H*
0.135 10.40 £ 0.06 8.17 £ 0.05 6.89 + 0.05 5.70 £ 0.03 473 £0.03 3.35+0.07 DP-ASV
0.500 9.04 +0.04 7.48 +0.04 6.10 +0.04 4.88 +£0.04 3.81 +0.02 2.90 +0.07 ISE-H*
1.000 8.21+0.07 7.06 + 0.05 5.68 + 0.04 4.08 £0.04 2.80 +0.03 DP-ASV

aRefers to eq 3. =+ 95 % C.1.

Table 5. Formation Constants of Zn/Phy Species at T = 298.15 K in NaNO; at Different lonic Strengths

I/mol-L~* log K;? log Ky? log K3? log K42 log Ks? log Kg? technique ref
0.15 10.71 + 0.08° 8.76 £ 0.11 6.99 +0.13 542 +0.12 4.03 £0.10 330+0.11 DP-ASV c
0.15 (10.80)¢ (9.73)¢ (8.3)¢ (6.75)¢ (5.24)¢ (4.62) ISE-H* 19
0.50 (9.40)¢ (8.09)¢ (6.85)¢ (5.47)¢ (4.09)¢ (3.67)¢ ISE-H* 19
0.75 (8.80)¢ (7.67)¢ (6.48)¢ (5.14)¢ (3.80)¢ (3.42)¢ ISE-H* 19
1.00 8.39 £+ 0.09 6.92 + 0.06 5.56 + 0.07 4.30 £ 0.07 3.13+0.08 2.03+0.12 DP-ASV c
1.00 (8.40)¢ (7.60)¢ (6.75)¢ (3.86)¢ (3.49)¢ (3.51)¢ ISE-H* 19

aRefers to eq 3. P& 95 % C.1. © This work. ¢ Literature values.

CuH4Phy, CuHsPhy, and Cu,HsPhy species were determined,
while from ISE-Cu?" titration only the last two species. The
differences in the log K; values and speciation models are due
both to the different component concentrations used in the
measurements performed by the different instrumental tech-
niques and to the pH range investigated. The formation of
sparingly soluble species, at low pH values (4.20 for ISE-H,
4.30 for ISE-Cu?*), did not allow the determination of the
formation constants of other species. The measurements per-
formed by DP-ASV allowed the investigation of a pH range
between 3.0 < pH < 10.0, because: (i) the concentration of
copper was lower (~ 3 orders of magnitude) than in the
potentiometric measurements; (ii) the high c_:cy molar ratios
adopted hampered the formation of sparingly soluble species
up to pH = 10.0. On the other hand, voltammetric measurements
did not allow the determination of the polynuclear species, such
as the Cu,HsPhy, present in Crea et al.,*® because c_:cy molar
ratios necessary to apply eq 5 are too high for the determination
of this kind of species.

Formation of Lead(l1)—Proton—Phytate Species. In the case
of lead, the data from ISE-H™ measurements were analyzed by
the BSTAC computer program, and it was possible to determine,
in pH range 2.5 < pH < 8.5, the formation constants of six
PbH;Phy® )~ (with i = 1 to 6) species, namely: PbHPhy*~
PbH,Phy3~, PbH3Phy?~, PbH,Phy~, PbHsPhy?, and PbHePhy™.
The analysis of DP-ASV data by eq 5 in pH range 3 < pH =<
10 allowed the determination of the values of the same species
except for the PbHsPhy™ species at | = 1.0 mol-L~%. All of the
results are summarized in Table 4. In this case, the absence of
literature data on the Pb/Phy system does not allow us to make
a direct comparison with other studies. In any case the log K;

values were studied at different ionic strengths, and the results
will be discussed in the next sections.

Formation of Zinc(l1)—Proton—Phytate Species. The analy-
sis of the voltammetric data in the pH range 3.0 < pH < 10.0
using the LIANA computer program evidenced the formation
of six mononuclear ZnH;Phy®=)~ (with i = 1 to 6) species,
namely: ZnHPhy*~ ZnH,Phy3~, ZnHsPhy?~, ZnH,Phy",
ZnHsPhy®, and ZnHgPhy™. The corresponding formation con-
stants at | = (0.13 and 1.0) mol-L™* are reported in Table 5.
The results were compared and analyzed with data reported in
Crea at al.,*® where a study on the Zn/Phy system was carried
out by ISE-H™ potentiometry. In that case, five ZnH;Phy species
(with i = 2 to 6) and four binuclear Zn,H;Phy species (with i
= 1 to 4) were determined. The experimental data at different
ionic strengths presented in that paper were reanalyzed together
with the new ones obtained by DP-ASV, and in this way it was
possible to determine also the ZnHPhy species. Higher differ-
ences are present for log K; values of the Zn/Phy species
obtained by the two techniques. They are partially ascribable
to the different experimental conditions.

Formation of Nickel(l1)—Proton—Phytate Species. Concern-
ing the Ni/Phy system, both ISE-H™ potentiometry and volta-
mmetry were used as analytical techniques to derive the complex
formation constants. The measurements were carried out in the
experimental conditions reported in Table 1. Independent of the
instrumental technique used, the measurements were carried out
in the pH range 2 < pH =< 10. The investigation of this pH
range allowed us to determine the formation constants of the
following six NiH;Phy®~)~ species (with i = 1 to 6) by both
techniques, namely, NiHPhy*~, NiH,Phy®, NiH;Phy?",
NiH4Phy~, NiHsPhy®, and NiHgPhy™. Table 6 reports the
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Table 6. Formation Constants of Ni/Phy Species at T = 298.15 K in NaNOj at Different lonic Strengths

I/mol-L~* log K4 log Ky? log K3* log K2 log Ks? log Kg* technique
0.13 8.83 + 0.06" 7.34 £0.05 6.11 +0.04 448 +0.04 3.90 +£0.03 2.28 +£0.06 ISE-H*
0.13 8.91 + 0.04 7.34 +£0.05 6.03 + 0.02 4.72 +0.02 3.41+0.03 2.10 +0.04 DP-ASV
0.50 7.55 +0.03 6.19 +0.02 5.01 +£0.02 3.93+£0.02 2.95+0.02 2.07 £0.03 ISE-H*
1.00 6.80 + 0.04 5.38 + 0.04 435+ 0.04 3.31+0.04 2.28 +0.03 1.75+0.03 DP-ASV

aRefers to eq 3. °+ 95 % C.I.

Table 7. Some Specific Interaction Coefficients Used in Calculations

M (M, NO3")? ref
HtP 0.0698/0.0583" 38
Cu?* 0.11 39
Pb2* —0.20 39
Zn?t 0.16 39
Niz+ 0.182 40

aparameter of eq 15. P e.. and & of eq 17.

corresponding formation constants at different ionic strengths.
By looking at the formation constants of the Ni/Phy system,
one can observe that NiH;Phy species are less stable than those
of the PbH;Phy and CuH;Phy systems, which are in turn less
stable than the ZnH;Phy species. The observed trend is Zn?* >
Cu?" ~ Pb?" > Ni?*,

lonic Strength Dependence. The dependence of the proton-
ation and complex formation constants of phytate can be studied
by using both the Debye—Hoiickel and SIT type equations. In
each case, two important aspects must be taken into account in
this study. The first one is the strong influence of the ionic
strength variation on the equilibria; the second aspect is related
to knowledge of the effective charge of the phytate ion in
solution. The first one will be discussed in the next sections.
Concerning the last aspect, it was already discussed in previous
papers:2>2%%8 as is well-known, carboxylates and other anions
generally form weak ion pairs with alkali metal cations, and
this is confirmed also for phytic acid, whose interactions with
Na* are reported in ref 37 and where many NaH-iPhy
complexes were found (with i = 1 to 7). This reduces the
effective charge of the phytate anion, as a function of the
concentration of the interacting cation (Na* in this case). In
the experimental conditions similar to that of the present paper
(0.1 = cya/mol-L™! =< 1.0), it was calculated, by the ionic
strength dependence of the solubility product,?® that the average
charge of phytate is z= —7. This value was already suggested
also by De Stefano et al.?® The specific interaction coefficient
of the completely deprotonated phytate species, Phy’~, is®®

e(Phy’",Na*) = —2.71 + 1.04 In(1 + 1)

This value was used to fit the phytate protonation constants
in NaNO3,%° to obtain the SIT coefficients relative to the H;Phy
species. These values are reported in Table 2. In calculating
the specific interaction coefficients of the different metal—phytate
species, we used for e(H*, NO;™) the value reported from Bretti
et al.*® (see Table 7). Concerning the SIT coefficients of the
metal cations e(M?", NO5™) reported in Table 7, they were taken
from Grenthe and Puigdomenech,3 except that for nickel(ll).
For the £(Ni?", NO;™), we used the specific interaction coef-
ficient reported in Gamsjager et al.“° In this case, it was possible
to refine simultaneously the single specific interaction coef-
ficients, considering MHsPhy® as the neutral species and
considering the MHgPhy™ species as positively charged. To
obtain more reliable data for the ionic strength dependence
parameters, we used in the calculations the experimental data
obtained in this work by different electrochemical techniques

Table 8. Formation Constants of M/Phy Species at Infinite Dilution
and Parameters for Their Dependence on lonic Strength, at T =
298.15 K

i log K2 e(MH;Phy(=9) Na®)° (o
Cu2+
2 11.812 4 0.02¢ —2.374 + 0.04 —0.087 + 0.04
3 9.530 + 0.02 —2.186 4+ 0.03 —0.135 4+ 0.03
4 7.479 £ 0.04 —2.171 4+ 0.07 0.017 £ 0.07
5 5.391 + 0.04 —1.588 + 0.07° —0.268 + 0.07
6 3.565 + 0.03 —1.218 4 0.04 —0.177 + 0.04
Pb2+
1 13.315 4+ 0.03 —2.245 4+ 0.05 —0.177 +£ 0.05
2 11.161 4 0.03 —2.481 + 0.06 —0.290 + 0.06
3 9.151 + 0.03 —2.282 +0.07 —0.348 4+ 0.07
4 7.268 + 0.04 —1.883 +0.08 —0.611 4+ 0.08
5 5.479 + 0.05 —1.570 4+ 0.07° —0.611 4+ 0.07
6 3.789 £ 0.04 —1.301 4 0.06' —0.421 4+ 0.06
Zn2+
1 13.898 =+ 0.04 —1.477 + 0.07 —0.594 + 0.07
2 11.864 4 0.05 —1.849 + 0.09 —0.574 4+ 0.09
3 9.893 + 0.05 —1.718 £ 0.11 —0.559 4+ 0.11
4 7.808 + 0.07 —1.262 +0.11 —0.884 +0.11
5 5.961 + 0.08 —0.996 + 0.14° —0.832 +0.14
6 4.314 +0.06 —0.986 + 0.10° —0.376 4 0.10
Ni2+
1 11.741 4+ 0.03 —1.964 + 0.06 —0.077 4 0.06
2 9.852 + 0.02 —2.020 + 0.04 —0.375 4+ 0.04
3 8.033 + 0.01 —1.842 +0.03 —0.421 +0.03
4 6.258 + 0.02 —1.646 + 0.05 —0.465 + 0.05
5 4511 4 0.02 —1.370 4+ 0.04° —0.428 + 0.04
6 2.791 +0.02 —1.111 4+ 0.03f —0.220 + 0.03

aValues at infinite dilution; equilibrium refers to eq 1. P Specific
interaction coefficients of M/Phy species. © Parameters for the dependence
of complex formation constants on ionic strength (eq 8). 4 95 % C.I.
e Setschenow coefficient of neutral species of eq 16. fAs e(MHgsPhy™,
NO; ), MHgPhy* is positively charged.

together with the literature data reported by Crea et al.*>2° for
log K; values of Cu/Phy and Zn/Phy systems, respectively.

Values of C and ¢ (empirical parameters of egs 11 and 17,
respectively) for these species are reported in Table 8 together
with log TK; values for Cu?*, Pb?*, Zn?*, and Ni?* complexes,
respectively.

Speciation of M/Phy Systems. For the different M/Phy
systems (M = Cu?*, Pb?*, Zn?*, Ni?*), the distribution diagrams
of the MH;Phy species are reported in Figures 2 to 5 as a
function of pH. As can be seen, the different diagrams appear
to be similar for the different M/Phy systems, owing to the
similarities of both the speciation models and the stability of
the metal—ligand complex species. However, some significant
differences can be observed for the pH values where 100 % of
the metal ions are complexed. As an example, in the case of
Cu?*, Pb?*, and Zn?*, they are completely complexed at pH >
5, while for Ni?*, this happens at pH > 6. Other differences
are: for Cu®" (Figure 2), the CuH,Phy®" species reaches
formation percentages of (55 to 60) %, while for the other metals
the same species has a formation percentage of ~ 40 %. For
Ni2* (Figure 5), the NiHsPhy? and NiH¢Phy™ species achieve a
formation percentages of 45 % and 20 %, respectively, in
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Figure 2. Distribution diagram of Cu/Phy species vs pH. Exp. conditions:
Crny = 3 mmol-L™% cey = 1 mmol-L7%; | = 0.15 mol-L~* NaNOg; T =
298.15 K. Species: 1, CuHPhy*; 2, CuH,Phy®"; 3, CuHsPhy?"; 4,
CuH,Phy~; 5, CuHsPhy?; and 6, CuHgPhy™.
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Figure 3. Distribution diagram of Pb/Phy species vs pH. Exp. conditions:
Cony = 3 mmol-L™%; cpp = 1 mmol-L~% | = 0.15 mol-L™! NaNOg; T =
298.15 K. Species: 1, PbHPhy*~; 2, PbH,Phy®~; 3, PbHzPhy?~; 4, PbH,Phy~;
5, PbHsPhy?; and 6, PbHgPhy™.
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Figure 4. Distribution diagram of Zn/Phy species vs pH. Exp. conditions:
Cony = 3 mmol-L™% ¢z = 1 mmol-L~%; | = 0.15 mol-L™* NaNOg; T =
298.15 K. Species: 1, ZnHPhy*~; 2, ZnH,Phy®"; 3, ZnHsPhy?"; 4,
ZnH,Phy~; 5, ZnHsPhy?; and 6, ZnHgPhy™.

contrast with the 60 % for both species in the case of Cu?" and
Pb?* (Figure 3) and (60 to 80) %, respectively, in the case of
Zn** (Figure 4). In all cases the MHPhy*~ species reaches the
formation percentages of 100 % at pH > 9.5. Concerning this
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Figure 5. Distribution diagram of Ni/Phy species vs pH. Exp. conditions:

Crny = 3 mmol-L™%; ¢y = 1 mmol-L~%; | = 0.15 mol-L™! NaNOg; T =

298.15 K. Species: 1, NiHPhy*~; 2, NiH,Phy®~; 3, NiHsPhy?"; 4, NiH,Phy;

5, NiHsPhy?; and NiHgPhy ™.

last aspect, the formation constant of a completely deprotonated
species MPhy5~ could have been determined if a more basic
pH range would have been investigated. This would have
reduced the formation percentage of the MHPhy*~ species.
Unfortunately, higher pH values could not be reached for the
loss of reversibility of the redox processes. With regards to the
other species not cited in this discussion, they reach a formation
percentage of (60 to 65) % at their maximum, and their
formation occurs in the same pH range of the analogous species
of the different metals, demonstrating that this range mostly
depends on the phytic acid protonation constants. In the
investigated pH range, metal hydrolysis was inhibited in all
cases. As an example in the case of Pb?* (Copz+ = 1073 mol-L ™),
we calculated that in the absence of phytate, (25, 50, and 100)
% of total Pb2" should be present as Pb;(OH); species, at pH =
(7.0, 8.1, and 10.0), respectively, while in our case, as shown
in Figure 3, the hydrolytic species (Pb;(OH);) are not formed.
Phytic acid dominates the chemistry of the metal cations over
the whole pH range, as also reported in other papers for other
cations (e.g., refs 34 and 41).

Sequestering Ability of Phytate. Many times we stressed the
importance of defining a correct speciation model obtained by
different instrumental techniques in various experimental condi-
tions, to compare the sequestering ability of a ligand toward
different metal ions at different ionic strengths, pH, and
temperatures. Although this consideration is very important, it
is often difficult to compare the complexing ability of a ligand
toward one or more metals (different speciation schemes or
different side reactions may be present). This problem was
overcome by the calculation of pLsg, an empirical parameter
that, once the experimental conditions (ionic strength, ionic
medium, temperature, pH, and metal concentration) are fixed,
can give an objective representation of this binding ability. A
detailed description of the method is given, for example, in refs
1, 19, and 20. Briefly, pLs, represents the total ligand concentra-
tion necessary to bind 50 % of cation in solution and is obtained
by a sigmoid equation

A1 _Az

- 1+ 10(P|——P|—50) + A2 (19)

y

where y represents the total percentage of uncomplexed metal,
A; = 0, and A, = 100. In other words, the higher the pLs is,
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Table 9. pLs Values® for M/Phy Systems at | = 0.15 mol-L™! in
NaNO; and T = 298.15 K

pLso
pH Ccu?t Ph?* Ni?*+ Zn?*
4.0 35 3.6 2.6 41
5.0 4.6 4.4 3.4 4.9
6.0 5.6 5.3 4.3 5.8
7.4 6.9 6.4 5.4 7.2
8.1 7.5 7.0 6.1 8.0
9.0 8.1 7.6 7.4 8.5

a4 0.1(95% C.1.).

Table 10. pLs Values® for M/Phy Systems at pH =81 and T =
298.15 K in NaNO3

| pLso
mol-L~* Cu?* Pb?* Ni?* zn?t
0.15 75 7.0 6.1 8.0
0.50 7.1 6.5 5.7 75
1.00 6.8 6.4 53 7.0
2+ 0.1 (95 % C.L).
9
8 A
74
64
2
44
3_
2 T T T T T T
4 5 6 7 8 9

pH

Figure 6. pLs, values vs pH for the M/Phy systems. | = 0.15 mol-L~* and
T = 298.15 K. Symbols: O, Cu®"; O, Pb?"; A, Zn?**; v, Ni?*,

the stronger is the binding ability of the ligand at a given pH.
Analogously, for a ligand, the higher the pLsy is, the stronger
is the binding ability toward a given cation.

In this paper the sequestering ability of phytic acid toward
copper, lead, zinc, and nickel was evaluated by calculating the
pLso; in addition, its dependence on pH and ionic strength was
also tested, in the range 4.0 < pH < 9.0 and 0.15 < I/mol-L"!
< 1.00, respectively. The pLso values, summarized in Tables 9
and 10, show that the sequestering ability of phytate toward
the four cations is quite similar. With regards to Pb?* and Cu?*,
the differences are negligible, while phytate showed for Zn?* a
slightly higher sequestering ability, and for Ni?" lower pLso
values at each pH value. The trend reported for pLsy for the
four cations is the same observed in the case of log K; values
of formation constants, that is, Zn > Cu ~ Pb > Ni. The diagrams
of pLso values versus both pH and ionic strength show a linear
trend and are reported in Figures 6 and 7, respectively. In the
case of the dependence on | a common slope of —0.92 + 0.08
(95 % C.1.) was determined for the four metal cations. The
intercepts (i.e., the calculated pLs, values at | = 0 mol-L™?)
are 7.64 +0.06, 7.16 £+ 0.11, 7.99 + 0.08, and 6.20 + 0.04 for
Cu®*, Pb?*, Zn?*, and Ni?", respectively. Also in the case of
the pLso dependence on pH, the fit was a straight line (as also
reported elsewhere®), with a common slope of 0.89 & 0.01
and intercepts: 0.14 4+ 0.09, —0.15 + 0.10, 0.52 + 0.09, and
—1.02 £ 0.08 for Cu?*, Pb?*, Zn?*, and Ni?", respectively.
These two relationships can be useful to determine the pLso

8.0
7.5+ \Z\
7.04 o A
7
6.5+ (o]
= 1 (@]
6.0+
554
5'0 T T T T T
0.2 0.4 0.6 0.8 1.0
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Figure 7. pLso values vs | (in the molar concentration scale) for the M/Phy
systems. pH = 8.1 and T = 298.15 K. Symbols: O, Cu?*; O, Pb>"; A,
Zn?*; v, Ni?*.

11

104
9
L

log K
i

i
Figure 8. Dependence of log K; values on the number of protons (i) of the
MH;Phy species at T = 298.15 K and | = 0.13 mol-L* in NaNOs. Symbols:
O, Cu?t; O, Pb?*; A, Zn?**; v, Ni?*,

values in different conditions, without knowledge of the stability,
protonation, and hydrolysis constants.

Suggested Formation Constants. From the ionic strength
dependence analysis of the whole data set presented in this work,
it was possible to derive different sets of “suggested” values
for the various MH;Phy (i = 1 to 6) species, at | = (0.15, 0.50,
and 1.00) mol-L™! in NaNOs. These values are obtained by
the Debye—Huickel equation and confirmed by the SIT model.
As it concerns the CuHPhy*~ species, it was not possible to
obtain it experimentally. However, an interesting observation
can be made by looking at Figure 8, where the log K; values
for the various M/Phy species are plotted versus the number of
protons (i) bound to phytate (already described in ref 19). As
can be seen, a linear relationship exists. This line can be used
for predictive purposes to guess the formation constant of the
CuHPhy*~ species, as well as those of the ML species. The
refined intercepts of these lines are 11.92 + 0.08, 11.82 + 0.39,
12.24 4+ 0.33, and 9.98 + 0.15 (£ 95 % C.1.), while the slopes
are —1.48 + 0.02, —1.51 + 0.10, —1.53 £ 0.08, and —1.26 +
0.04 for Cu?*, Pb?*, Zn?*, and Ni?", respectively. In all cases
the correlation coefficient R = —0.99. All of the “suggested
values” of the formation constants are summarized in Table 11.

Discussion on Errors. An extensive discussion on error
associated with highly charged molecules should be done, to
give appropriate weight to the results presented in this paper.
One of the most important aspects of the solution equilibria is
the evaluation of the errors associated with the determination
of the formation constants. Usually this quantity is dependent
on two main contributions: (i) the experimental uncertainty of
the instruments and (ii) the error associated with the least-
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Table 11. Suggested Formation Constants for the M/Phy Systems at T = 298.15 K in NaNO;

M I/mol-kg~* log K4 log Ky? log K3? log K* log Ks? log Kg*
Cu?* 0.15 (10.74 + 0.22)P¢ 9.30 £0.27 7.51+0.31 5.98 +0.34 4.35+0.37 3.04 £0.38
0.50 (9.33 £ 0.08) 8.27 +0.09 6.66 + 0.10 5.38 +£0.11 3.86 +0.11 2.77+0.11
1.00 (8.82 £ 0.06) 7.65 4+ 0.06 6.13 + 0.07 5.04 + 0.07 3.49 +0.07 2.57 +0.07
Pb2* 0.15 10.29 + 0.22 8.62 +0.26 7.10 £0.30 5.68 +0.33 4.39 £+ 0.35 3.23+0.35
0.50 9.02 + 0.08 7.51 +0.10 6.17 +0.12 4.86 +0.14 3.78 +£0.15 2.88 +0.17
1.00 8.24 £ 0.05 6.79 £ 0.07 5.53 +0.09 421+0.11 324 +0.13 2.56 £0.15
Zn?t 0.15 10.81 +0.22 9.28 +0.27 7.81+0.31 6.18 +0.34 4.84 + 0.36 3.77 +0.38
0.50 9.40 + 0.08 8.08 £0.11 6.81 + 0.14 5.27 +0.17 4.15 + 0.20 3.43+0.22
1.00 8.40 £+ 0.06 7.21 +0.09 6.06 +0.12 448 +0.14 3.50 £0.17 3.13+0.20
Ni2* 0.15 8.73+0.22 7.30 £ 0.26 5.97 + 0.30 4.69 + 0.33 3.45+0.34 2.26 +0.35
0.50 7.50 £0.08 6.17 £0.10 5.03 £0.12 3.93+0.14 2.90 £0.15 1.98 £0.17
1.00 6.77 + 0.05 5.40 + 0.07 4.35+ 0.09 3.35+0.11 2.46 +0.13 1.76 £0.15
aRefers to eq 3. ® Values in parentheses are calculated by fitting log K; vs i, as reported in Figure 8. 4 95 % C.I.
Table 12. Literature Selected Values of Formation Constants of Various M/Phy Species
M log K¢? log K;* log Ky? log K3? log K log Ks? log Kg* log K;# I° medium TIK ref
Cu* 2.63 3.0 NaClO, 298.15 18
Cu?* 135 12.15 9.07 5.73 0.15 NaClO, 310.15 17
Cu?* 17.33° 28.43° 37.74° 45.27° 51.29° 56.18° 58.82° 0.17 (C,Hs5)sNCIO, 293.15 14
Pb2* 3.87 3.0 NaClO, 298.15 18
Zn?t 11.3 10.3 8.54 6.94 0.15 NaClO, 310.15 17
Zn?t 5.4° 17.29° 27.95° 37.42° 45.00° 50.80° 55.87° 58.5° 017  (CHsuNCIO,  293.15 14
Niz* 3.78 3.0 NaClO, 298.15 18
Niz* 8.78 8.44 7.20 0.15 NaClO, 310.15 17
Niz* 9.23 10.03 9.78 9.27 7.96 7.18 7.05 7.24 0.1 KCI 309.15 15
Niz* 14.74° 27.04° 36.71° 44.56° 51.06° 56.28° 59.14° 0.17 (C,Hs5)sNCIO, 293.15 14

aRefers to eq 3. ®log K; refers to the equilibria: M?" + H,L + (i — 2)H" = M(H,L). ©In mol-L™..

squares regression. These considerations are often enough to
establish the standard deviation on the value of the formation
constants. Recently, this research group proposed an empirical
relationship (eq 20) for the evaluation of the maximum error
on the value of a formation constant. Although it is a rough
approximation, it often helps to judge the accuracy of a
formation constant:

o(log K) < a(Zp) + bx7 (20)

where p are the stoichiometric coefficients of the species
involved in the reactions and z are the charges of reactants, with
a=0.001 (excellent data), a = 0.02 (good data), and a = 0.05
(fair data) and b = 3-107*. This empirical rule has been derived
from a great deal of formation data obtained in this laboratory
(refs 37 and 42). In this paper we considered an additive term,
which is dependent on the variation of the ionic strength during
a titration. This topic is very important when a highly charged
molecule, as phytic acid, is present in solution; in fact as an
example the ionic strength of a 1 mmol- L~ solution of Na;,Phy
at pH = 12 (where Nag,Phy = NasPhy’™ 4+ 7Na*) is | = 28
mmol-L~%, while at pH = 1 (where NajPhy + 7H" =
NasPhyH; + 7Na*) is | = 7 mmol-L. In light of these
considerations, we modified eq 20 to eq 21.

d(log K) < [a(Zp) + bEZ]* + d*(Al) (21)

where o(Al) depends on the ionic strength variation due to the
concentration of the phytate (or other components). A rough
calculation of o(log K) suggested that a value of 0.3 to 0.4 can
be considered acceptable for the equilibria considered in this
paper. In addition, higher errors should be associated with lower
ionic strength values, because the ionic strength contribution
due to the reagent concentration has more weight. Higher errors
are also present in correspondence of the boundaries of the
investigated pH range, since in the acidic range the stoichiometry

is characterized by six protons, while in the basic pH region,
the charge of phytic acid is higher. On the light of the above
considerations, we can affirm that the error on the log K; values
for the boundary terms log K (MHPhy*~) and log K (MHgPhy™)
at 1 = 0.15 mol-L~* should be higher than that on the value of
log K (MHsPhy?") at | = 1.0 mol-L~% The errors on the
formation constants were used to calculate the errors on pLsg
values by error propagation; this calculation resulted in a value
of 0.1 (95 % C.1.).

Literature Comparisons. Many papers are published on the
topic of phytate and its role on the bioavailability of various
cations. Despite this high number of papers, to our knowledge
just a few deal with thermodynamic parameters. In addition,
those papers are usually difficult to compare among each other
and with the present one, because different experimental
conditions were adopted. In any case in Table 12 some selected
values of formation constants taken from literature data are
reported.

Phytic acid was mainly studied by potentiometry,
spectrophotometry,***> NMR,** and in a few cases voltammetry.
Except for the latter, all of the other techniques require a
relatively high concentration of metal ion, (as an example, 1073
mol-L~! for potentiometry and NMR, 10~* mol-L™! for
spectrophotometry). The utilization of these metal concentrations
allows the formation of scarcely soluble species, generally at
pH < 6.2° One of the most interesting papers reporting formation
constant values was published by Bebot-Brigaud et al.** In
that paper, the formation constant values of various M/Phy
systems (M = Co?", Ni*", Cu?*, Zn?", and Cd?") were
determined by %P NMR, potentiometry, and spectrophotometry
in (C;Hs);NCIO4 at 1 =0.17 mol-L~*and T = 293.15 K. Owing
to a very low metal-to-ligand concentration ratio, they reported
only the formation of variously protonated 1:1 metal phytate
complexes, avoiding the formation of polynuclear species and
favoring the investigation of wider pH ranges.

For the above cited conditions of temperature and ionic
medium, consistent comparisons were hard to make with values
reported here. Anyway, bearing in mind that Ni** and Co?"

14,15,17,18
17,23



4766 Journal of Chemical & Engineering Data, Vol. 55, No. 11, 2010

usually behave in the same way, also interacting with phytic
acid (as reported in ref 14), the reported speciation diagram for
cobalt appears similar to the speciation diagram reported for
the Ni/Phy system in this work (Figure 5), with low formation
percentages in the acidic pH range (the free Ni?* is present also
in our condition but is not reported in the figure). The formation
pH of the species is shifted in the Bebot-Brigaud diagram with
respect to our speciation diagram, probably due to the different
phytate protonation constant values in (C,Hs)4NCIO, with
respect to NaNOs. Also in ref 14, Ni>" shows lower values for
the different NiH;Phy formation constants with respect to
analogous Cu?* and Zn?* species, that show similar values for
the same species.

Persson et al.*® studied the interaction of Cu?* toward phytate
in NaCIO4 at | = 0.1 mol-L™*and at T = 298.15 K at different
pH values and demonstrated that at pH ~ 5.5 phytate binds
~50 % of total copper. In other studies carried out by Martin
and Evans***4in KNOz at | = 0.2 mol-L™* and T = 298.15 K,
the concentration of metal ion bound to ligand was calculated
as a function of pH at 1:1 < Cu?":Phy < 6:1 molar ratios, and
they determined the apparent binding heat, which indicates that
the complexation reaction is endothermic for these cations.
Torres et al.'” and Vasca et al.'® used in their investigations
different experimental conditions, namely, ionic strength and
temperature (Vasca et al.*® used NaCIO, at | = 3.0 mol-L™*
and T = 298.15 K, whereas Torres et al.*” carried out their
measurements at | = 0.15 mol-L™t and T = 310.15 K, in the
same ionic medium); this does not allow satisfactory comparison
between the stability constants and the speciation models
obtained. However, the speciation model proposed by Torres
et al.*” is in agreement with that proposed by Bebot-Brigaud et
al.,"* owing to the fact that similar metal/ligand ratios were used.
On the other hand, Vasca et al.*® obtained the CuHsPhy®~ and
Cu,HsPhy®~ species with log Kis = 2.63 and log Ky = 8.97,
respectively. Martin and Evans*® carried out a calorimetric and
titration study on the interaction of phytate with Zn?* in the
range 2.5 < pH < 11.0,in KClat | = 0.2 mol-L *and T =
298.15 K. The phytate complex formation was obtained at pH
< 6, with ~3.5 mol of Zn?" bound per mol of phytate. By means
of potentiometric titrations, they also determined the formation
constants per phosphate group bound by Zn?" at different metal-
to-ligand ratios, while the apparent binding heats at four molar
ratios were determined from calorimetric titrations carried out
in the range 2.6 < pH < 6.1.

Investigations of Ni/Phy system were carried out also by
Torres et al.X” and De Carli et al.'® in different ionic media
(KCl at I = 0.1 mol-L™* for De Carli et al.) and temperature
(T = (310.15 and 309.15) K, respectively). Torres et al.*’ found
log K4 = 8.78, log Ks = 8.44, and log K¢ = 7.20, while De
Carli et al.*® provided a scheme of seven NiH;Phy (with i = 1
to 7), summarized in Table 12. Although the differences in log
Ki values occur, due to the different experimental conditions,
the speciation diagram reported in De Carli et al.™® traces the
one reported in this paper for the Ni/Phy system (see Figure 5),
with a low formation percentage for the NiH,Phy®~ (40 %)
species and a high formation percentage for the NiHPhy*~ and
NiH;Phy~ ((70 to 80) %) species. Higher differences are present
for NiHgPhy* species; in De Carli et al.*® it reaches 85 %, while
in our case it is (25 to 30) %. Other data were reported by Vasca
et al.'® in NaClO, at | = 3 mol-L~* and T = 298.15 K. They
reported values of log Kis = 3.78 (compared with 3.45
“suggested” in this paper for NiHsPhy° species in NaNO; at |
= 0.15 mol-L™) and log K,; = 11.85, owing to the higher
metal-to-ligand ratio used.

Very poor literature data are present on Pb/Phy complexes,
only Vasca et al.*® found [in NaClO4 at 1 = 3.0 mol-L*and T
= 298.15 K] log K;5 = 3.87 (compared to 3.24 “suggested” in
our paper in NaNO;z at | = 1.0 mol-L™%) and log Ky = 12.87.

Conclusions

Different M/Phy (M = Zn?", Cu?", Pb?", Ni?") systems were
studied in this paper by both DP-ASV and ISE-H* potentiometry
at T = 298.15 K and at different ionic strengths. The results
reported here were analyzed together with other literature data
published by Crea et al.®*?° at different ionic strengths. We
considered an average charge for the deprotonated phytate (z
= —7) as calculated in ref 26 and confirmed elsewhere® in
Na* solutions. The average charge was used to calculate the
ionic strength dependence parameters for the complex formation
constants, by using the Debye—Hiickel and SIT type equations.

In addition the speciation of each M/Phy system and the
sequestering ability (by calculating pLs, values) were evaluated
as a function of pH and ionic strength. Moreover, for each
M/Phy system a comprehensive set of “suggested” formation
constants was proposed in NaNOj3 at | = (0.15, 0.50, and 1.00)
mol-L~%. In these conditions the speciation diagrams in the
investigated pH range (3.0 < pH < 10.0) were drawn, and the
pLso values at different pH and ionic strength values were
calculated.

We now want to stress again the importance of the utilization
of different analytical techniques. The results obtained by
potentiometry and voltammetry showed always a reasonable
agreement, demonstrating that their simultaneous utilization, if
data are critically analyzed, is a useful tool in the study of
complex systems. Moreover, coupling the information obtained
by these two electrochemical techniques, we can better define
the interaction scheme in a metal—ligand system in wider
experimental conditions. Although the formation constant values
may appear slightly different between the different metal cations,
the speciation diagrams reported show that in all cases phytic
acid binds almost 100 % of metal over pH ~ 5 to 6. In the
selected experimental conditions, only Ni?* showed a weaker
complexation in the pH range 3.0 < pH < 5.5. The formation
of the different MH;Phy species followed the trend: Zn > Cu
~ Pb > Ni. The sequestering ability of phytic acid toward the
different metal cations was studied, and the results obtained
reveal that it follows the same trend as the formation constants.
The dependence of pLs, was also modeled as a function of pH
and ionic strength, by simple linear equations.

Concerning the literature data analysis, the different experimental
conditions used by the various authors made the comparisons hard.
In any case, a satisfactory accord is obtained with data presented
by Vasca et al.,*® where for Ni?" and Pb?" the formation constants
in NaClO, at 1 = 3.0 mol-L™* and T = 298.15 K of the MHsPhy
species are similar with the data reported in this paper. An important
aspect that should be also underlined is that phytate complexation
inhibited the metal hydrolysis up to pH = 10, as also shown in
the reported speciation diagrams (Figures 2 to 5). This behavior
already observed in other cases, such as alkaline earth metal
cations,* Hg?* ** Cd?*,2% zn?**® cu?* % and dimethyltin(IV),*®
and can be considered very important in the study of sediment
equilibria (e.g., Fe*t in marine sediments). It should be finally noted
that in many cases, dealing with M/Phy complexes, it is possible
to analyze different systems simultaneously, reducing the need of
further experimental data, to model the dependence on ionic
strength and pH (or other variables) of some thermodynamic
parameters. This was pointed out, as an example, when the pLsy
was modeled as a function of pH and ionic strength with the same
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slope for Cu?*, Pb?*, Zn?*, and Ni?*. This allows the formulation
of some models that have simplicity as their main purpose.
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