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Abstract

In hydrometallurgical processes, chemical precipitation is used either to recover dissolved valuable
metals or to remove undesirable elements before electrolysis. Beside conventional reagents (Ca(OH)a,
NaOH, NayCOs...) many authors tried to replace them by bio-sourced compounds, but unfortunately,
without necessarily leading to an industrial use. This paper describes a study on the possibility to use
phytic acid to remove Al**, Fe** and Pb** from acidic leachates. This reagent, present in cereals and
considered as an antinutrient, can be recovered from soaking waters of corn. In this work, five metal
phytates were synthesized and characterized by TGA and ICP-OES leading to the following formulae:
A13C6H9P5024,7H20, CllsCsP 6024, 8H20, Fe3_5C6H7,5P5024, 15H20, PbaCaP 6024, 10H20 and
ZnsCsPs024,6H20. Solubility of each metal phytate was measured in pure water at 20°C in order to
determine their solubility product K not available in literature. The conditional solubility as a
function of the pH was then established to predict the possibility to perform selective precipitation.
The results showed that phytic acid could be an interesting alternative precipitation reagent, able, from
a thermodynamical point of view, to remove AI**, Fe** and Pb** from copper or zinc leachates.
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1. Introduction

Chemical precipitation is the most common technology to remove or recover dissolved metals
from different solutions such as wastewaters or industrial leachates from hydrometallurgical processes.
In hydrometallurgy, precipitation is used either to purify leachates after Solid/Liquid separation or at
the end of the process to recover metals under a valuable mineralogical form.

The most widely used reagents for the detoxication of liquid effluents are lime Ca(OH),,
mineral sulphides NaHS or Na,S and organic sulfides such as Tri-Mercapto-Triazine. In
hydrometallurgical processes, metals are often precipitated with sodium hydroxide NaOH or sodium
carbonate Na,CO:s.

Beside these conventional reagents produced by chemical industry, various bio-sourced
compounds, used to perform precipitation (selective or not) were found in the literature. These green
reactants can be extracted or synthetized from agri-resources.

The most common “green reactant” identified in the literature is oxalic acid, which can be
extracted from sorrel roots. Oxalic acid forms precipitates with a lot of cations like transition metals
[1,2], rare earth elements [3,4], and uranides [5]. One of the most studied compounds are fatty acids,
non-toxic compounds extracted from vegetable oil and animal fats. Many of them were considered as
example: capric [6], lauric [7] acids. Dicarboxylic acids were also investigated as malonic [8] or
succinic [9] acids. The use of other acids, derived from sugar molecules can be cited: gluconic [10]
and lactobionic [11] acids. Among these “green reactant”, some of them are able to perform selective
precipitation of metal cations such as sodium decanoate [12].
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In this work, the possible use of phytic acid (or myo-inositol-1,2,3,4,5,6-hexakisphosphate) as
precipitation reagent was investigated. This compound has a cyclohexane structure with six
dihydrogenophosphate function carried by each carbon (Fig. 1). This acid represents 80 % of
phosphorus contained in plants. Present at 6.39 wt.% in maize germ, 2.1-7.3 wt.% in wheat bran and
2.56-8.7 wt.% in rice bran [13], it is well known for its ability to form soluble complexes with many
metal cations such as iron, zinc or calcium [14] decreasing the absorption of nutrients and their
bioavailability in the organism by human body. Considered as an antinutrient, agri-food industry tries
to reduce or eliminate this compound from cereals. Some works show that a large part of phytic acid
can be simply removed by soaking cereals in water [15]. Soaking waters, containing between 0.5 and
2 wt.% of phytic acid, are considered as non-hazardous waste and are used in agricultural spreading
for organic soil amendment [16]. In 1997, Tsao et al [17] estimated that it was possible to recover each
year in United States about 50 Mt of phytic acid from corn steep liquor. Very few studies deal with the
use of this compound. Seaman et al [18] demonstrated that phytic acid and phytates could be used for
the in situ treatment of metals in contaminated soils and Tsao et al [17] used phytic acid in order to
synthesize a chelating resin able to remove cations from liquid waste.
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Fig. 1. Molecule of phytic acid [19]

Except works of Vasca et al [20] who determined the formula of 6 divalent metal (Mn?>*, Co*,
Ni%*, Cu?*, Zn?*, and Sn?*) there is no other study found in the literature. In contrast, no solubility data
of these compounds are available. By analogy with metal inorganic phosphates, it can be assumed that
phytic acid will give insoluble precipitates with metal cations. In these conditions, this bio-sourced
reactant will be use not for the recovery of valuable metals in leachate, but rather to remove
undesirable cations from leachates in hydrometallurgy (mainly Al, Fe and Pb).

In this study, five cations were investigated: Cu** and Zn>* as valuable metals and Al**, Fe**
and Pb** as undesirable species. The first part of this work is devoted to the determination of the
formula of each metal phytate. Then, their solubility was measured in order determine solubility
product K and to establish the solubility domain of each metal by superimposing solubility curves of
phytate and hydroxide.

2. Materials and Methods

2.1. Materials

All salts were purchased from different suppliers: iron chloride (FeCls) (Sigma-Aldrich, 97
%), lead nitrate (Pb(NO3)») (Sigma-Aldrich, > 99%), aluminum chloride (AICl3.6H,O) (Fluka, 99 %),
zinc sulfate (Zn(SO4).7TH,0) (VWR, 99.5 %), copper chloride dihydrate (CuCl,.2H,O) (VWR, > 96
%), hydrochloric acid (HCI) (Sigma-aldrich, 37 %), sodium hydroxide (NaOH) (VWR, 97 %) and
phytic acid (Acros Organics, 50 %). Solutions of metal cations with concentrations close to 1.1 mol.L"!
were prepared for the synthesis of the precipitates corresponding to the concentration of commercial
phytic acid. All solutions were prepared with deionized water (< 0.2 uS.cm™).

2.2. Precipitation of metal phytates

Metal phytates were prepared by adding phytic acid to metal cations solutions at controlled pH: pH=1
for iron, pH=1.2 for lead, pH=2.1 for aluminium, pH=3.0 for zinc and pH=3.2 for copper. These
values were chosen to precipitate the maximum amount of metal phytate without co-precipitating



metal hydroxide. pH measurement and adjustment were performed with a Metrohm Tiamo Titrando
809 titrator. The solutions were stirred for 30 minutes at 400 rpm. Then, pulps were filtered through a
0.22 pm pore size filter, washed thoroughly with deionized water and finally dried at 105 °C for 24 h.

2.3. Chemical analysis

Precipitates were first analyzed by X-Ray Fluorescence using a Bruker AXS GmbH -S4 Explorer
WDXRF spectrometer in order to check the presence or absence of chloride in the compounds and by
X-Ray Diffraction with a Bruker D8 Advance diffractometer (Kq=1,5406 A). For this, a semi-
quantitative analysis was performed on pelletized samples. Then, precipitates were digested with
hydrochloric acid HC1 6 mol.L"!, except lead phytate for which nitric acid HNO3 7 mol.L! was used.
Metals and phosphorus were measured by Inductively Coupled Plasma - Optical Emission
Spectrometry (ICP-OES) using a Perkin Elmer Avio 200-OES. Crystallization water of solids was
determined with a ThermoGravimetric Analyzer coupled with Mass spectrometry (TGA-MS) (Setsys
Ev 1750 Tga - Setaram / Ms Omnistar Gsd 301c - Pfeiffer Vacuum).

2.4. Solubility study

2.4.1. Theoretical metal speciation

Cations interact with the phosphoric acid functions of phytic acid, and, from a theoretical point of
view, a total of 12 protons could be replaced. The reaction corresponding to the solubility equilibrium
of a metal phytate (¢) in pure water is (Eq. (1)):

M, CsH(18-20P6O24 () = XM (ag) + CsH(18-20P6024* (aq) (1)

where x corresponds to the stoichiometry of the metal precipitate and z the charge of the
cation. For this equation, it can be assumed that one single molecule of phytic acid can interact with
several metallic cations. In this case, solubility product K is given by (Eq. (2)):

Ks — (aMz+)x(a¢xz—) (2)

am”" and ay* are respectively the activities of metallic cation and phytic acid, which can be
calculated according to (Eq. (3)):

ai =i Ci (3)

where C; and v; are respectively the concentration and the activity coefficient of element i. For
an ionic strength lower than 10 mol.L"!, activity coefficients are calculated with the following Debye-
Hiickel equation (Eq. (4)):

log vi = -0.5 z2 V1 4)

with I, the ionic strength. In pure water, by substituting Eq. (3) into Eq. (2), the solubility product can
be written as (Eq. (5)):

Ks = (ym™)* (v¢™) M1 [¢™] 4)

For a given pH, phytic acid and metallic cations can be found in different acido-basic forms. Table 1
shows the 12 acidity constants of phytic acid determined by Marolt et al [21]. Acidity constants of the
five metal cations studied [22] are given in Table 2.



Table 1
Acidity constants of the phytic acid in water at 25 °C

LH»/LH;; LH;//LH;o LHi/LHy LHo/LHs LHs/LH; LH7LHg
< 10»145 < 10-1.5 < 10»145 < 10-1.5 10»1492 10»2473
LH¢/LHs LHs/LHs LH«LHs LH3/LH, LHy/LH LH/L
10-4496 10-623 10-7495 10-94 10-93 10-96

Table 2
Acidity constants of different metal cations in water at 20 °C

M#*/MOH*! + MOH*!+/M(OH),*2* M(OH),*2*/M(OH)3*3* M(OH)5*3 */M(OH)4***

Zn2+ 10-8.997 10»84797 10»10.297 10»12.397
Cu2+ 10-7.497 10»84697 10»10.685 10»13.101
Pb2+ 10-7.597 10»94497 10»10.997 10»11.608
A13+ 10-4.997 10»54097 10-6.697 10-5.897
Fe3+ 10-2187 10-24407 10-7966 10-9028

In addition, the different acido-basic forms of phytates are able to form complexes with these five
cations [14,24]. The stability constants of these complexes are gathered in Table 3.

Table 3
Formation constants of complexes between metal cations and deprotonated forms of phytic acid in water at 20 °C

(M) M) MO M) [M(H$))>*®

Zn2+ 101143 101043 108.54 106.94
Cu2+ 101345 1012415 109.07 105.73
Pb2+ 10940 10744 10640 10445 10342
A13+ 102347 102041 101644 101242 10848
Fe3+ 101942 101842 101247 10899

Taking into account acido-basic properties of cations and phytic acid, K is replaced by the
conditional solubility product, noted K™, which can be written as (Eq. (6)):

K™ = ()™ (ve) IM* [9] (©6)
[M] is the sum of the concentrations of all acido-basic and complex forms of the metallic cation in
solution. [¢] corresponds to the conservation of matter for phytic acid including all acido-basic forms
and all metal phytates complexes.
According to Ringbom [25] the conditional solubility product can be written (Eq. (7)):
K = K o™ o (7)

where am and o4 correspond to the reaction coefficients of metal cation and phytate.

For the different cations, the stability constants of metal/phytate complexes must be included in the
calculation. om and a4 can be determined by (Eq. (8-9)):

[M] [MOHZ-I +] [M(OH)ZZ-Z +] [M(OH)nz-n +] [M(H2¢)12—z—2,] [M(Hé‘b)llz—ﬁ,]
om=——=1+ - - " - R s (8)
[M*] [M™] [M*] [M*] [M*] [M™]
- [¢] _ [CeH17P60241  [CeHi6Ps0247] [CeHePcO24']  [M(H2$)'">* ] [M(He)'>**] 9)
i [CsH1sP6O04] [CsH1sP6O04] [CsH1sPO04] T [CeHisP6O4] [CeHisPeOu] ~ ~°°  [CeHisP6On4]

For all phytates precipitates, the relationship between the solubility and the solubility product is (Eq.
(10)):



S = ‘\/g (10)
X

This relationship is the same for conditional solubility and corresponding solubility product (Eq. (11)):

Scond _ x+1 ’Kgond (1 1)
XX

By replacing the conditional solubility product by equation (Eq. (7)), the conditional solubility can be

written as (Eq. (12)):
Scond — X ’_KS “Nf G (12)
X

So the logarithm of the conditional solubility can be calculated by equation (Eq. (13)):

x+1 [K on® oy

Log(S«™) =log(" [=——) (13)

2.4.2. Solubility measurement

Solubility of metal phytates was measured according to the analytical method [26] described
in the literature: five pulps of the same precipitate were prepared by adding 0.3 g of precipitate to 50
mL of pure water. Pulps were maintained at 20 °C by using a double wall glass cell connected to a
circulation cryostat (Bioblock Scientific 911 BB). Solutions were mixed with a magnetic stirrer at 400
rpm for an equilibrium time previously determined by following the conductance. The glass cell was
covered to prevent absorption of CO, from atmosphere. Then, pulps were filtered through a 0.22 um
pore size filter. pH and concentrations of each metal cation were measured.

3. Results and Discussions

3.1. Characterization of precipitates

The formation of a precipitate between phytic acid and metal cations can be written as follows,
by considering that the precipitate can eventually contain water of crystallization (Eq. (14)):

X M# + C6H18P6024 +n Hzo = MXC6H(18.ZX)P6024, l’leO +zx H* (14)
where n corresponds to the molecule number of crystallization water.

Elemental analysis was performed on each precipitate in order to determine the value of x and
TGA-MS was achieved to determine the value of n.

3.1.1. Elemental analysis

Table 4 gives metals and phosphorus contents calculated from ICP-OES measurements. Each metal
phytate was synthesized and characterized three times demonstrating a good reproducibility of the
results. No chloride was found in precipitates by X-Ray Fluorescence.



Table 4
Elemental analysis of metal/phytate precipitates

PbII ZnII CuII FeIII AIHI
Metal mass content (wt.%) 583+0.1 346+06 362+02 174+03 95+03
Phosphorus mass content (wt.%) 89+0.1 15.8+0.5 159+£02 165+02 159+0.2

3.1.2. Thermogravimetric analysis

Fig. 2. presents the TGA curve obtained for zinc phytate. The blue line, which decreases with
temperature, corresponds to the loss of mass. The three other curves correspond to the logarithm of the
signal intensity obtained in mass spectrometry for water (red), carbon monoxide (orange) and carbon
dioxide (green).

Up to 200 °C, only the signal of water varies. Between 200 °C and 400 °C water and CO»
were released due to the degradation of the phytic acid molecule. The ratio of the H>O and CO, signals
allow to calculate the percentage of water and carbon dioxide released. This ratio is equal to 95 %,
which corresponds to the loss of mass due to the liberation of water. At higher temperatures, the water
signal does not vary. Only CO, was released.

The loss of mass at 400 °C is used to calculate the value of n, the number of water molecules
in the formula of precipitate. For zinc phytate, n is equal to 6.
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Fig. 2. Zinc phytate thermogravimetric analysis

The TG analysis, applied to all metal phytates, gave us the following formulae: AlCsHs.
20P6024 TH20 - CuxCsH(18.20P6024,8H20 - FexCsH1820P6024,15H20 - PbxCsH182P6024,10H0 -
Zn,CeH(18-20Ps024, 6H,0. Thanks to n values and with the help of the data of Table 4, the x value for
each compound can be determined and a formula is proposed (Table 5).

Table 5
Formulae of metal phytate precipitates
Pb! 7Zn!! Cu! Fell Al

Pb5C5P6024, 1 0H20 Zn5C5P5024, 6H20 CllsCsP 6024, 8H20 Fe3, 5C5H 1. 5P 6024, 1 5H20 A13C5H3P 6024,7H20

Thereafter, the completely deprotonated form of phytic acid will be noted ¢.

Note: XRD analysis showed the amorphous nature of all synthetized compounds.



3.2. Solubility determination

3.2.1. Solubility

Solubility measurements were repeated five times. The results with their standard deviation
are gathered in Table 6. Zinc phytate has the highest solubility (2 x 10 mol.L™"). The solubility of the
other metal phytates are lower, with values ranged between 2 x 10° mol.L"! and 3 x 10 mol.L"!.

E::E:r!iglental determination of the solubility for each metal phytate at equilibrium pH
pH Solubility (mol.L™") Solubility (g.L'")
Pbsd,10HO 4.25 +0.04 2.59+£0.15x 10 5.36 £0.30 x 107
Zns$,6H,0 6.80 £0.03 2.14+0.04 x 1073 242 +0.04 x 107
Cu$,8H0 6.53 £0.02 2.31+£0.03x 10° 2.71 £0.04 x 1073
Fes sHi5¢,15H0 3.92+0.02 246 +£0.12x 10 2.74 £0.14 x 10
AlHs¢,7H,0 3.52+0.01 2.97+0.25x 10° 2.55 +0.21 x 10

3.2.2. K; calculation

»  Example of zinc phytate
In order to explain the method used for K determination, the zinc phytate case was chosen.
The solubility equilibrium of zinc phytate in water is (Eq. (15)):

Zn6¢,6HzO s = 6 Zn** (ag) t ¢12- (agt 6 H,O g (15)

In this case, six metallic cations are solubilized for one single molecule of phytate. According
to the formula of Zn**/phytates complexes (Table 3), one zinc cation could be engaged with one
molecule of phytate. The remaining Zn?* cations are under their acido-basic forms. In order to
calculate oz, and ay at the equilibrium pH, it is necessary to establish the species distribution diagrams,
presented in Fig. 3. and in Fig. 4. These diagrams were drawn with the help of Hyperquad Simulation
and Simulation (Hyss) software [27].
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Fig. 3. Species distribution diagram of zinc vs pH
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Fig. 4. Species distribution diagram of Zn**/phytates vs pH

At pH = 6.8, equilibrium pH measured during solubility experiments for zinc phytate, divalent
zinc is distributed as follows: 16.7% under ZnHz¢’- complex form, 82.7 % under Zn** form and 0.6 %
under Zn(OH)* form. During solubility experiments, ionic strength was not fixed. Therefore, its value
has to be calculated with concentrations determined by ICP according to: (Eq. (16))

I= % (22x [Zn**] + 12 [Zn(OH)*] +7° x [Zn(Hs$)]™] + 72 x [Zn(H3¢)]™)
(16)

-1 827 06 2 167 I _ 3 .
—2((22X100+12X100+7 X 100)X[Zn]+72x[<1)])—1.26xlO mol.LL

Where [Zn"] corresponds to the free zinc concentration (not complexed with phytates). Thanks to T
value, activity coefficients yz, and y4 were calculated using equation the Eq. (4) and therefore to access
to the conditional solubility product of Znep,6H.O (Eq. (17)).

K™ = (y2,)0%(y4)*[ Zn™° x [¢] = 7.57 x 107! (17)

In zinc precipitate, phytate is under the fully deprotonated form. The reaction coefficient oy of this
specie was calculated as follow (Eq. (18)):

_ (] _ 0.10

CUuDpO 12 = 13
$ = [CeHePO2'>] 63741015 — 1.57x 10 (18)

For zinc, the reaction coefficient oz, was calculated from Eq. (19).

_[zn"] _. 0006 010 _
Uz ==l ot 5 = 1.21 (19)

The solubility product was finally calculated according to (Eq. (20)):

cond % 1031
K= = L = 1.54x 0% (20)

- aZ116 * Oy = 1»216 * 1,57*1013




*  Other metal phytates
The same calculation method was used for the determination of the solubility product of each
metal phytate. The species distribution diagrams of each metal and for all M**/phytates systems were
established using Hyss. Species distribution of phytic acid and metals at the experimental equilibrium
pH are given in Table 7.

Table 7
Species distribution of phytic acid and metals at the experimental equilibrium pH
Phytic acid distribution (%) Metals distribution (%)
H M(H M(OH) M(OH M(H
P Hso* Hz¢™ Hep® Hsop”™ [ 1gz2¢ ) M (5-1)+ ) ((2—2)+ 2o 1gz2¢ )
Pb!" 4.3 0 24 809 165 0 100 0 0 0
Zn" 6.8 0 0 0 0 100 82.7 0.6 0 16.7
Cu' 6.5 0 0 0 0 100 74.3 9 0 16.7
Fe™ 39 1.8 378 599 05 0 0.1 3 97 0
A" 35 7.0 569 359 0.1 0 96.7 3.2 0.1 0

From data of Table 7, ionic strength, activities coefficients and K™ values were calculated. K were
then determined after calculation of metals and phytates reaction coefficients om and oy. Table 8
presents the results obtained at each step of the calculation.

Table 8
Solubility product determination for each metal phytate from experimental solubility by considering the ionic strength

I(molL") ym Yo Keond oM (o) Ky pKs

Pbsd,10HO 8.02x10°  0.960 0.676 1.93x10% 1.00 8.20x10?!  2.36x10°7 56.6
Zns9,6H,O0 1.26x10° 0.625 0.135 7.53x10%! 1.21 1.57x10"  1.54x10* 43.8
Cus,8H20 1.34x10* 0.860 0.520 3.36x107% 1.34 1.4x10"%  4.11x10°° 494
FessHis¢,15H,0  8.30x10°  0.991 0.751 3.33x10%* 2.54x10° 8.40x10'* 4.80x10* 48.3
AlzHz¢,7H.O 7.38x10°  0.912 0.745 1.18x10? 1.546  4.18x10'*  7.64x10°7 36.1

3.2.3. Conditional solubility as a function of the pH

Thanks to the K values determined and with the help of equation (13), it is possible to draw
the solubility curve of each metal phytate taking into account the possible formation of metal
hydroxides, Pb(OH),, Zn(OH),, Cu(OH),, AI(OH)3 and goethite FeOOH. For this, Hyss software was
used to calculate o values. These o values were then introduced in Origin 9.0[28] software to plot
solubility curves. All curves are gathered in Figure 5 to obtain a solubility domain, which is the
superposition of metal phytates and metal hydroxides. The predominating solubility domain for each
solid is delimited on the diagram by a vertical dot line. To the left of this line, metal phytate is the
predominant solid phase, whereas at higher pH, the predominant solid phase is metal hydroxide.
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Fig. 5. Solubility of metal phytates as a function of pH.

Whatever the cation, metal phytates have a lower solubility than the corresponding
hydroxides. These compounds are preferentially precipitated at low pH.

From a theoretical point of view, Figure 5 can be a tool to predict the feasibility of a
separation. If we consider a binary mixture M;-M, where M, is an undesirable cation (Al**, Fe** and
Pb?**) and M, a valuable metal (Cu**, Zn?*), to find the best conditions for selective removal, we have
to search from both solubility curves the greatest difference between log[M:] and log [M1]. Log Sm2 —
log Swmi is calculated for pH values ranging between the minimal value required to reach the lowest
solubility of M; phytate and the maximal value which is the boundary between phytate and hydroxide
of the same metal. Results are given in Table 9.

Table 9
Theoretical feasibility of selective precipitation for cation mixture M1 — Mz determined from solubility curves of Fig. 5.
M, - M, mixtures Maximal values of log Sm> — log Swmi pH range
AP* + Cu? 1.84 4<pH<6
Fe’* + Cu** 3.71 14<pH<25
Pb** + Cu?* 1.91 <73
AP* + Zn?** 2.64 4<pH<6
Fe* + Zn* 4.50 14<pH<25
Pb** + Zn>* 2.56 7.3 <pH<8.1
Zn** + Cu* 0.80 0<pH<73

From a theoretical point of view, these mixtures can be classified in three groups:

e If log Sm2 — log Smi > 2, more than 99% of the cation M; can be precipitated without
embedding more than one percent of the cation Ma. This condition is verified for Fe**/Cu**,
Pb?*/Cu®*, AI**/Zn**, Fe**/Zn* and Pb**/Zn**mixtures. Phytic acid appears as an interesting
reagent for the removal of iron as example from hot acidic leachate in zinc hydrometallurgy
[29].
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e If 1 <log Smz — log Smi < 2, the separation seems to be feasible and can be experimentally
studied. This is the case of AI**/Cu*" and Pb**/Cu*" mixtures.

* If log Sm2 — log Smi < 1, the selective precipitation will be difficult or impossible. More than
10 % of the second cation will precipitate. According to a value of 0.90, it seems to be
impossible to use phytic acid for the selective precipitation of zinc in spent chloride brass
pickle liquors.

4. Conclusion

The aim of this study was to evaluate the feasibility of using phytic acid to remove undesirable
metals in the leachates from hydrometallurgical processes. This compound is an abundant agri-
resource easily extractable from cereals by a simple soaking in hot water. Five metal cations were
investigated: aluminium, copper, iron, lead and zinc. With the help of elemental analysis and TGA-
MS, formulae of metal phytates were determined and are the following: AlzCe¢HoPsOo24,7H0,
Cu6C6P6024,8H20, Fe3,5C6H7,5P6024,15H20, Pb6C6P6024,10H20 and Zn6C6P6024,6H20.

Then the solubility in water at 20°C of each metal phytate was measured using analytical
method. These solubilities are ranged between 2.1 x 10 and 2.3.10° mol.L"!. Finally, experimental
results were used to plot solubility of metal phytates as a function of pH. Superimposing the five
solubility curves gives a tool to predict the feasibility of separation from a theoretical point of view.
This study shows that phytic acid appears as an interesting reagent for the removal of Al**, Fe** and
Pb?* contained in the leachates from hydrometallurgical processes.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Funding

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

Acknowledgements

We want to thank Lionel ARANDA for all the analyses performed on the thermogravimetric analyzer.
Some facilities used in the work have been funded through SusChemProc project, with the joint
French Ministry of Research and Region Lorraine CPER programme (2015-2020).

References

[1] X. Chen, Y. Chen, T. Zhou, D. Liu, H. Hu, S. Fan, Hydrometallurgical recovery of metal values
from sulfuric acid leaching liquor of spent lithium-ion batteries, Waste Management. 38 (2015)
349-356. https://doi.org/10.1016/j.wasman.2014.12.023.

[2] P. Zhang, T. Yokoyama, O. Itabashi, Y. Wakui, T.M. Suzuki, K. Inoue, Recovery of metal
values from spent nickel-metal hydride rechargeable batteries, Journal of Power Sources. 77
(1999) 116-122. https://doi.org/10.1016/S0378-7753(98)00182-7.

[3] R. Chi, Z. Xu, A solution chemistry approach to the study of rare earth element precipitation by
oxalic acid, Metall and Materi Trans B. 30 (1999) 189-195. https://doi.org/10.1007/s11663-999-
0047-0.

[4] Y. Konishi, Y. Noda, S. Asai, Precipitation Stripping of Yttrium Oxalate Powders from Yttrium-
Loaded Carboxylate Solutions with Aqueous Oxalic Acid Solutions, Ind. Eng. Chem. Res. 37
(1998) 2093-2098. https://doi.org/10.1021/ie970618q.

11



[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]
[24]

R.M. Greintz, D.H. Neal, Plutonium(IV) oxalate precipitation and calcination process for
plutonium nitrate to oxide conversion, Atomics International Div., Golden, CO (United States).
Rocky Flats Plant, 1978. https://doi.org/10.2172/709947.

S. Mauchauffee, E. Meux, M. Schneider, Determination of the Solubility Products in Water at 20
°C of 32 Metallic Carboxylates, Ind. Eng. Chem. Res. 47 (2008) 7533-7537.
https://doi.org/10.1021/ie071595a.

V. Hrust, N. Kallay, D. TeZak, Precipitation and association of silver laurate in aqueous
solutions, Colloid & Polymer Science. 263 (1985) 424-427.

T. Kobayashi, T. Sasaki, I. Takagi, H. Moriyama, Solid phase precipitates in (Zr,Th)-OH-
(oxalate, malonate) ternary aqueous system, Radiochimica Acta. 97 (2009) 237-241.
https://doi.org/10.1524/ract.2009.1603.

M. McCann, M.T. Casey, M. Devereux, M. Curran, G. Ferguson, Syntheses, X-ray crystal
structures and catalytic activities of the manganese (II) butanedioic acid complexes
[Mn2(O>C(CH)2)2CO3)2(phen)2(H.0)]-2H,O  and  [Mn(O>C(CH2)CO,)(bipy)(H20)2]-H,0O,,
Polyhedron. 16 (1997) 2547-2552.

A. Tapparo, S.L. Heath, P.A. Jordan, G.R. Moore, A.K. Powell, Crystal structure and solution-
state study of K[Al(mal)>(H20),]-2H,O (Homal = malonic acid), Journal of the Chemical
Society, Dalton Transactions. (1996) 1601-1606.

L. Menabue, M. Saladini, N. Ugoletti, Metal(Il) binding by natural ionic glycosides: A solution
study on 2,2'-bipyridine containing ternary systems of Cu(Il) and Ni(II) with lactobionic acid,
Journal of Inorganic Biochemistry. 69 (1998) 217-222. https://doi.org/10.1016/S0162-
0134(97)10023-X.

S. Mauchauffée, E. Meux, M. Schneider, Selective precipitation of cadmium from nickel
cadmium sulphate solutions using sodium decanoate, Separation and Purification Technology.
62 (2008) 394—-400. https://doi.org/10.1016/j.seppur.2008.02.010.

U. Schlemmer, W. Frglich, R.M. Prieto, F. Grases, Phytate in foods and significance for humans:
Food sources, intake, processing, bioavailability, protective role and analysis, Molecular
Nutrition & Food Research. 53 (2009) S330-S375. https://doi.org/10.1002/mnfr.200900099.

J. Torres, S. Dominguez, M.F. Cerd4, G. Obal, A. Mederos, R.F. Irvine, A. Diaz, C. Kremer,
Solution behaviour of myo-inositol hexakisphosphate in the presence of multivalent cations.
Prediction of a neutral pentamagnesium species under cytosolic/nuclear conditions, Journal of
Inorganic Biochemistry. 99 (2005) 828—-840. https://doi.org/10.1016/j.jinorgbio.2004.12.011.
S.E.O. Mahgoub, S.A. Elha, Effect of Milling, Soaking, Malting, Heat-Treatment and
Fermentation on Phytate Level of Four Sudanese Sorghum Cultivars. Food chemistry, 61 (1998)
77-80. https://doi.org/10.1016/S0308-8146(97)00109-X.

E. Graf, Applications of phytic acid, Journal of the American Oil Chemists’ Society. 60 (1983)
1861-1867.

G.T. Tsao, Y. Zheng, J. Lu, C.S. Gong, Adsorption of heavy metal ions by immobilized phytic
acid, Appl Biochem Biotechnol. 63—-65 (1997) 731. https://doi.org/10.1007/BF02920471.

J.C. Seaman, J.M. Hutchison, B.P. Jackson, V.M. Vulava, In Situ Treatment of Metals in
Contaminated Soils with Phytate, J. ENVIRON. QUAL. 32 (2003) 9.

PerkinElmer, ChemDraw, 2020. https://www.perkinelmer.com/fr/product/chemdraw-
professional-chemdrawpro.

E. Vasca, S. Materazzi, T. Caruso, O. Milano, C. Fontanella, C. Manfredi, Complex formation
between phytic acid and divalent metal ions: a solution equilibria and solid state investigation,
Analytical and Bioanalytical Chemistry. 374 (2002) 173-178. https://doi.org/10.1007/s00216-
002-1469-6.

G. Marolt, B. Pihlar, Potentiometric Determination of Phytic Acid and Investigations of Phytate
Interactions with Some Metal Ions, Acta Chimica Slovenica. 62 (2015) 319-327.
https://doi.org/10.17344/acsi1.2014.1127.

[dataset] W. Schecher, Termochemical data used in MINEQL+, Version 4.5 (2001),
Environmental Research Software : Hallowell, https://mineql.com.

Y. Lourié, Aide-mémoire de chimie analytique, Moscow ed, Moscow (1975).

R.M. Cigala, F. Crea, C.D. Stefano, G. Lando, D. Milea, S. Sammartano, Electrochemical Study
on the Stability of Phytate Complexes with Cu?**, Pb*, Zn?*, and Ni**: A Comparison of

12



[25]

[26]

[27]
[28]
[29]

Different Techniques, J. Chem. Eng. Data. 55 (2010) 4757-4767.
https://doi.org/10.1021/je100384f.

A. Ringdom, Complexation in Analytical Chemistry. A guide for the critical selection of
analytical methods based on complexation reactions. Inferscience, New York. Wiley, 142 (1963)
1648-1649. https://doi.org/10.1126/science.142.3600.1648-a.

D.J.W. Grant, J.W. David, T. Higuchi, Solubility behavior of organic compounds. John Wiley &
Sons, (1990).

Hyperquad simulation and speciation, Hyss (2020), http://www.hyperquad.co.uk/hyss.htm.
Origin, origin 9.0 (2020), https://www.origin.com/fra/fr-fr/store/download.

MR.C. Ismael, J.M.R. Carvalho, Iron recovery from sulphate leach liquors in zinc
hydrometallurgy, Minerals Engineering. 16 (2003) 31-39. https://doi.org/10.1016/S0892-
6875(02)00310-2.

13



HIOP“"\,‘ POH, D#mﬁz
Soaking of corn 0 }
‘ © 0 POH
in water Hop -~ \ ~L-0—"OM:
wop Phytic acid

e i'.- 5
AlLCHgP:0,,,7H,0 CugCeHeP:0,4,8H,0 Fe,Cy;H,5Py;0,4,30H,0 Pb,CeHsP40,4,10H,0 ZnsCeHeP0,4, 6H,0
Conditional solubility of metal phytates w._ v~ Removalof AB* i
o R A : W”_F"On Fe3* and Pb2* AT
- Zn*






