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Abstract: Polyaminocarboxylate and polyaminophenolcarboxylate chelating agents, of which EDTA and 0,0-EDDHA are
the most representative, are being profusely studied by our research team for 25 years due to their importance as
micronutrient fertilizers used to correct nutritional disorders, and based on their level of impact on crop yields in
Mediterranean regions. Recently, new chelating agents have been designed and synthesized; it has been suggested
that these agents be included in the current European Directive on Fertilizers. Overall chelating agent properties,
including equilibrium in soil based on modeling studies, should be considered when evaluating iron chlorosis correction
ability. Chemical speciation programs such as MINTEQAZ2, and most recently VMinteq, have been successfully used as
tools for predicting the behaviors of novel chelating agents in soil-plant systems. Currently, only one
polyaminophenolcarboxylate chelating agent (0,0-EDDHA) is available in the VMinteq-compatible database (Lindsay’s
database), although more than seven have been approved as European fertilizers, which can be used as micronutrient
fertilizers. Therefore, the aim of this project was to update the database to include all chelating agents related to o,0-
EDDHA and EDTA, whose complete characterization has been performed and is published elsewhere. Once the
database is updated, further modeling studies, such as equilibrium studies and adsorption isotherm studies based on
solid phase analysis, can be performed to determine fundamental information about and understand the reactivity of

these recalcitrant polyaminophenolcarboxylates in soils.
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fertilizers.

1. INTRODUCTION

Iron chlorosis is a plant nutritional disorder primarily
present in alkaline and/or calcareous soils, and it
dramatically limits agricultural production in many areas
worldwide, with 20% to 50% of fruit crops being
affected by iron deficiency symptoms in the
Mediterranean region. Currently, the most commonly
used synthetic Fe chelates in agricultural practice being
used to control against Fe chlorosis are derived from

both polyaminecarboxylic  acids (related to
ethylenediaminetetraacetic acid - EDTA) and
polyaminephenolcarboxylic acids (related to

ethylenediaminedi-(o-hydroxyphenylacetic) acid -o,0-
EDDHA) [1]. New chelating agents have recently been
designed and synthesized, some of which have been
proposed to be included in the current European
Directive on Fertilizers [2-5]. Novel synthesis pathways
reported by several authors [6-10] have yield chelating
agent standards highly pure for their complete
characterization. Three steps have reported the
characterization of novel chelating agents [11],
including the determination of equilibrium constants
(protonation and stability constants), free Fe(lll) activity
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and its relationship with complex formation, and
species distribution in both hydroponics (nutrient
solution) and soil conditions (solid phase as equilibrium
controller), which are currently being applied to
individually  characterize novel chelating agents
[8,9,12,13]. The last two steps can be performed using
the MINTEQA2 [14] or, most recently, the VMinteq [15]
software programs to examine speciation. These
programs show a strong correlation between modeling
results and actual behavior in agronomic conditions.
Other similar speciation programs such as GEOCHEM-
PC [16] or the upgraded version of GEOCHEM-EZ [17]
and Phreeqc [18] may be used, as compatible
database are used by all of these computational
programs. Therefore, new equilibrium figures related to
compounds with relevant agronomic or environmental
effects (such as is the case for iron chelates) should be
made available to the research community by updating
the database so that this information can be used in
further modeling studies.

Sorption and desorption are key processes that
affect the fate of agrochemicals in the soil-water
environment, and thus a thorough understanding of
adsorption is of central importance for predicting the
mobility and availability of synthetic iron chelates in
soils. To date, most attempts to model iron chelate
adsorption onto soil components (clay, organic matter,
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and iron (hydr)oxides) have involved classical
adsorption isotherms [8,19,20]. Batch experiments may
show that iron chelates related to 0,0-EDDHA can
chelate the highest amount of iron, regardless of the
soil components used as sorbent surfaces. Thus, a
large adsorption rate onto ferrihydrite and goethite was
observed for meso-0,0-EDDHA, in comparison with the
other one diastereoisomer [20]. However, no
complexation mechanisms can be proposed given that
updated databases are unavailable for adsorption
modeling. The examination of chelating agent
adsorption mechanisms enables the evaluation and
prediction of the rate at which these iron chelates are
sorbed by soil solid phases. Currently, several surface
complexation models, which are being used as tools to
relate adsorption to equilibrium conditions in the
aqueous phase [21], are being applied to assess
adsorption onto pesticides, which are composed
primarily of iron (hydr)oxydes [22] or their contaminants
[23]. These adsorption studies can be performed more
easily once the corresponding database is updated.

MINTEQA2 Version 3.11 is extremely useful for
examining equilibrium relationships in soils and waters;
however, some equilibrium relationships are known to
be useful in soils, and related media are not included in
this version of the software. In 2009, Visual MINTEQ
was the second-most used chemical equilibrium
software application among researchers. This is likely
because significant efforts have been made to maintain
an updated database [15]. For many Vyears,
researchers examining chemical equilibrium
relationships in soils [24] have sought to determine
equilibrium constants suitable for use in soil chemistry.
Thus, 0,0-EDDHA equilibrium constants were compiled
by Lindsay (1979) [24], and a specific database was
created, which is available for VMinteq. Since that year,
the database has not been updated to include novel
synthetic chelating agents that can be examined in
equilibrium or adsorption studies, even as the list of
new chelating agents approved for use as micronutrient
fertilizers has grown considerably. For these reasons,
the aim of this work was to publish a modified database
that includes most of the chelating agent equilibrium
constants from our previous publications. Moreover,
the proposed updated database was adapted for use
with all adsorption models that VMinteq has included in
its latest version (VMinteq v 3.0. beta).

2. EXPERIMENTAL

2.1. General Procedures

Equilibrium constants for most of the chelating
agents described herein were determined by our

research group [6,8,9,25]. Once chelating agents were
synthetized, characterization and equilibrium studies of
the free ligands, as well as of Mg*", ca*", cu®*, and
Fe** were performed using methods that are widely
implemented for newly synthesized products [8,9,11-
13,25]. Briefly, protonation constants were determined
using both spectrophotometric and potentiometric
methods. Stability constants for Ca®*, Mg**, Mn**, and
Zn*" were determined from potentiometric titrations
[25,26]. A new spectrophotometric method was
developed in order to establish the Fe* and Cu®*
stability constants with chelating agents [11]. Once
stability constants were determined, relative chelating
ability in agronomic conditions was measured as free
metal activity (pM = -log [M]) using either MINTEQAZ2
[14] or the updated version of VMinteq [15] speciation
programs by modifying the component and
thermodynamic databases to define new components
and species, respectively.

0,0-EDDHA (ethylenediamine-N,N'bis(2-
hydroxyphenyl)acetic acid) (see 1 in Figure 1) and its
related chelating agents, including o0,0-EDDH4MA
(ethylenediamine- N,N'bis(2-hydroxy-4-
methylphenyl)acetic acid) (see 4 in Figure 1), o,0-
EDDHSA (ethylenediamine-N,N'bis(2-hydroxy-5-
sulphonylphenyl)acetic acid) (see 7 in Figure 1), o,0-
EDDH5MA (ethylenediamine-N,N'bis(2-hydroxy-5-
methylphenyl)acetic acid) (see 6 in Figure 1), p,p-
EDDHA (ethylenediamine-N,N'bis(4-
hydroxyphenyl)acetic acid) (see 3 in Figure 1), and o,0-
EDDMtxA (ethylenediamine-N,N'bis(2-
metoxyphenyl)acetic acid) (see 5 in Figure 1) were
synthesized following a new synthetic pathway [6] to
assess the effects of either their different substituents,
or their positions in the benzene ring of 0,0-EDDHA-like
chelating agents. Relevant results from this research
demonstrated that at least one ortho-hydroxyphenyl
group is necessary in the formation of Fe®* chelates.
Thus, o,p-EDDHA (see 2 in Figure 1) was synthetized
using two complementary synthesis routes [7], and full
characterization was performed [12] .

Additionally, rac-0,0-EDDHA (see A in Figure 2) and
meso-0,0-EDDHA (see B in Figure 2) diastereoisomers
were obtained [27]. The 0,0-EDDH4MA
diastereoisomers such as rac-0,0-EDDH4MA and
meso-0,0-EDDH4MA were isolated from the o,0-
EDDH4MA mixture by precipitation [13].

In the same manner, synthesis, protonation, and
ca®, Mg*, Fe*, and Cu®* stability constants as well as
chemical modeling for 0,0-PDDHA (propylenediamine-
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Figure 1: Structure of the new chelating agents included in updated Lindsay’s database.

N,N’'-bis(o-hydroxyphenyl)acetic acid) (see 8 in Figure
1), 0,0-BDDHA (butylenediamine-N,N'-bis(o-
hydroxyphenyl)acetic acid) (see 9 in Figure 1), and o,0-
XDDHA (p-xylylenediamine-N,N'-bis(o-hydroxyphenyl)
acetic acid) (see 10 in Figure 1) were determined and
published [28]. These chelating agents were designed
to quantify the effect of the length of the alkyl chain
connecting the hydoxyphenylglycine moieties on metal
chelate stability.

HBED  (N,N'-bis(2-hydroxyphenyl)ethylendiamine-
N,N'-diacetic acid) (see 11 in Figure 1) was initially
designed for treating diseases related to iron overload
[29] because it is forming the most stable iron chelate
[29,30]. The chelating agent N,N’-bis(2-hydroxy-5-
methylbenzyl)ethylenediamine-N,N'-diacetic acid (HJB)
(see 13 in Figure 1) is related to HBED, but has methyl
groups bound to the phenolates in the para position.
HJB possesses the same donor groups and a structure
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Figure 2: Spatial structures of rac-0,0-EDDHA/Fe** (a), meso-0,0-EDDHA/Fe** (b).

similar to that of HBED. HJB synthesis produces a
purer product than Fe-0,0-EDDHA because neither
optical isomers nor other byproducts are formed [10].
Stability constants for HJB were determined, and
theoretical modeling for HBED and HJB in agronomic
conditions using the VMinteq speciation program was
conducted [8].

Another pentacoordinate chelating agent related to
HBED has been designed. Following the synthesis of
DCHA (2-(2-((2-hydroxybenzyl)amino)ethylamino)-2-(2-
hydroxyphenyl)acetic acid)) (see 12 in Figure 1), its
protonation, Ca®*, Mg®, Fe®, and Cu* stability
constants, and its ability to maintain iron in solution
under different agronomic conditions were determined
using the modeling VMinteq speciation program [9].
However, it should be noted that most of the chelating
agents described above, including the well-known and
widely used EDTA (ethylenediaminetetraacetic acid)
(see 14 in Figure 1), are recalcitrants in soils and
waters. Currently, concerns for the environmental risk
of their application in soils [31] are increasing. New
products, such as the biodegradable N-(1,2-
dicarboxyethyl)-D,L aspartic acid (IDHA) (see 15 in
Figure 1) and ethylenediaminedisuccinic acid (EDDS)
(see 16 in Figure 1) have been proposed for use as
chelating agents for micronutrient fertilizers [25, 32-35].

2.2. Equilibrium Constant Transformation

All equilibrium constants were calculated as mixed
constants (K™ in which all terms are given in
concentrations, except H and OH", which are given in
activities. For redox conditions, the parameter pe was
used. The conversion to concentration constants (K°),
in which all reactants and products are expressed in
terms of concentrations except pe at some specified

ionic strength, were found using the activity coefficients
from the Davies’ equation (eq. 1):

K()le =K\ Yy )
and were reported elsewhere [8,9,12,13,25,28]

However, additional conversions to activity
constants (KO) in which all of the terms are expressed
in activities must be conducted in order to enter these
equilibrium constants into thermodynamic database by

applying eqg. 2:

KO — KC X ypraduct: (2)

/J/reactans

Activity coefficients (y) for the involved ions were
determined using the equation proposed by Davies [36]
(see eg. 3), taking into account both ion charges and
ionic strength:

i
logy, =—AZ? 77— 03 @)
1+ u’?

where A = 0.509 for water at 25°C

2.3. Database Updates

The VMinteq program functions based on a four-
root database. Three of these, comp.vdb, thermo.vdb,
and type6.vdb, are related to components, aqueous
equilibrium, and solids, respectively. In this work, the
first two ones were expanded by adhering either each
novel chelating agent as single component with its
specific ID number or each equilibrium constant (log
KO) already either experimentally determined or
bibliographically available.
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3. RESULTS AND DISCUSSION

Complete component  and thermodynamic
databases can be found in the attached supporting
information.

3.1. Component Database

The component database including new chelating
agents is shown in Table 1. The component database
was updated with 18 new synthetic chelating agents
and an additional 0,0-EDDHA. The entire modified
component database is available in the separate
supporting information file. Required parameters, such
as molecular weight for fully deprotonated chelating
agents and their charges, were recorded as well. An
additional 0,0-EDDHA (ID# 920) has been recorded as
a new component in the database in addition to the
existing 0,0-EDDHA (ID# 954) in Lindsay’s database
[24]. This o0,0-EDDHA component corresponds to the
data obtained using a novel organic synthesis pathway
[6]. Four new isomers related to o0,0-EDDHA were
included: two positional isomers, o,p-EDDHA (ID# 931)
and p,p-EDDHA (ID# 923), and two diastereisomers,
rac-0,0-EDDHA (ID# 921) and meso-0,0-EDDHA (ID#
922). Moreover, a chelating agent related to o,0-

EDDHA but with two methoxy groups on the benzene
rings rather than two phenolic groups were synthesized
to show that phenolic groups in the ortho position are
necessary for binding Fe®* [13]. Additional methyl
groups on the benzene ring define two positional
isomers, 0,0-EDDH4MA (ID# 924) and o0,0-EDDH5MA
(ID# 927), both of which are currently authorized for
use as chelating agents for micronutrients [2-5]. For
0,0-EDDH4MA, two corresponding diastereomers (rac-
0,0-EDDH4MA,; ID# 925 and meso-0,0-EDDH4MA; ID#
926) were included because they appear to be the
main constituents of the commercial Fe-0,0-EDDH4MA
fertilizer. 0,0-EDDHSA (ID# 934) is another authorized
chelating agent used as iron fertilizer. 0,0-PDDHA
(ID#928), 0,0-BDDHA (ID# 930), and 0,0-XDDHA (ID#
929) were shown to have a similar iron chelation rate to
that of 0,0-EDDHA, and they can be readily synthetized

[6].

HBED (ID# 935) is one of the first synthetic
chelating agents studied [30] and applied for medical
purposes. Recently, a novel synthesis pathway for
HBED was published [10] for obtaining highly pure
products. Chelating agents related to HBED, such as
the methyl-substituted HJB (ID# 938) and the

Table 1: Chelating Agents Entered in Component Database (comp.vdb)

Component # Chelating Agent Charge MW (g-mol™)
920 0,0-EDDHA -4 356.4
921 rac-0,0-EDDHA -4 356.4
922 meso-0,0-EDDHA -4 356.4
923 p,p-EDDDHA -4 356.4
924 0,0-EDDH4MA -4 384.4
925 rac-EDDH4MA -4 384.4
926 meso-EDDH4MA -4 384.4
927 0,0-EDDH5MA -4 384.4
928 0,0-PDDHA -4 370.4
929 0,0-XDDHA -4 4325
930 0,0-ButbDHA -4 384.4
931 o,p-EDDHA -4 356.4
932 0,0-EDDMetxA -2 386.5
934 0,0-EDDHSA -6 514.4
935 HBED -4 384.4
936 IDHA -4 2451
937 DCHA -3 316.3
938 HJB -4 4125
939 EDDS -4 292.0
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pentacoordinated DCHA (ID# 937) were
characterized [8,9].

recently

IDHA (ID# 936) and EDDS (ID# 937) were included
in the component database as biodegradable
alternatives to EDTA. They are being fully
characterized for validation as authorized chelating
agents for micronutrient fertilizers [32,33,34].

3.2. Thermodynamic Database

New species for each chelating agent are shown in
Tables 2 through 20. All information entered into the
thermodynamic database for each chelating agent is
shown, including species ID number, equilibrium
reaction, charge, molecular weight, and corresponding
activity constants. The entire thermodynamic database
with all species can be found in the supporting
information  section. The species ID number
corresponding to each equilibrium constant was
assigned in accordance with the main components
involved in each equilibrium reaction. Each species ID

number is defined by seven digits, which are then
configured in three-digit sets. The first digit set
corresponds with either the hydrogen component
(component ID# 330 when protonation constants are
defined) or the metal for which the formation constant
was determined (i.e., #281 for Fe**, #231 for Cu®*,
#470 for Mn**, #950 for Zn®*, #470 for Mn**, #150 for
ca®, and #460 for Mg®"). The second three digits
indicate the chelating agent as assigned in the
component database description. The last digit is used
to differentiate between species involving the same
chelating agent and metal, but that have different
numbers of hydrogen or hydroxyl constituents.

3.2.1. Equilibrium Constants for o0,0-EDDHA, rac-
0,0-EDDHA, meso0-0,0-EDDHA, p,p-EDDHA, o0,0-
EDDH4MA, rac-0,0-EDDH4MA, meso-0,0-
EDDH4MA, o0,0-EDDH5MA, 0,0-EDDHSA, and o,0-
EDDMtxA

Protonation and stability constants for 0,0-EDDHA
(see Table 2), rac-0,0-EDDHA (see Table 3), meso-
0,0-EDDHA (see Table 4), p,p-EDDHA (see Table 5),

Table 2: Equilibrium constants for 0,0-EDDHA. Equilibrium constants are shown in terms of activity constants (K°).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in
thermodynamic database

0,0-EDDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309201 [HLI/[HIIL] 12.80 -3 357.4
3309202 [HLI[HT?L] 24.17 2 358.4
3309203 [HsLI[HP[L] 33.26 -1 359.4
3309204 [HaLI[HI[L] 39.66 0 360.4
1509201 [CaL)/[Ca][L] 9.00 2 396.5
1509202 [CaHL}/[Ca][H][L] 18.91 -1 397.5
1509203 [CaH.L]/[Ca]H]*[L] 28.30 0 3985
4609201 [MgL)/[Mg][L] 11.47 2 380.7
4609202 [MgHLY[Mg][HIIL] 20.32 -1 381.7
4609203 [MgH.L)/[Mg][HI?[L] 27.71 0 382.7
2819201 [FeL)/[Fe][L] 37.66 -1 412.3
2819202 [FeHL}/[Fe]H]IL] 39.67 0 4133
2819203 [FeOHL)/[Fe][H] '[L] 25.80 2 429.3
2319201 [CuL)/[Cu][L] 26.84 2 419.9
2319202 [CuHLJ/[Cu][H][L] 34.75 -1 420.9
2319203 [CuHL)/[CulHI?[L] 39.66 0 421.9
4709201 [MnL)/[Mn][L] 11.28 2 4151
4709202 [MnHLY[MN][HIIL] 22.03 -1 416.1
4709203 [MnHL}/[Mn][H]?[L] 29.46 0 417.1
9509201 [ZnL)/[Zn][L] 20.46 2 4255
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Table 3: quuilibrium constants for rac-0,0-EDDHA. Equilibrium constants are shown in terms of activity constants
(K”). Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in

thermodynamic database

rac-0,0-EDDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309211 [HLVHIIL] 12.74 -3 357.4
3309212 [HaLVHPL] 24.18 2 358.4
3309213 [HsLVHPIL] 33.29 -1 359.4
3309214 [HaLVH]'IL] 39.78 0 360.4
1509211 [CaL)[Ca][L] 9.70 2 396.5
1509212 [CaHL)/[Ca][H][L] 19.56 -1 397.5
1509213 [CaH,L}/[Ca][H][L] 29.23 0 398.5
4609211 [MgL}/[Mg][L] 11.84 2 380.7
2819211 [FeL}/[FelL] 38.43 -1 412.3
2319211 [CuLy[Cu][L] 26.65 2 420.0
2319212 [CUHLY[CU][HI[L] 35.01 -1 421.0
2319213 [CuHL/[CulHJAL] 39.69 0 422.0

Table 4: quuilibrium constants for meso-0,0-EDDHA. Equilibrium constants are shown in terms of activity constants
(K”). Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in

thermodynamic database

meso-0,0-EDDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309221 [HLVHIIL] 12.76 -3 357.4
3309222 [HaLVHPL] 24.29 2 358.4
3309223 [HsLVHPIL] 33.30 -1 359.4
3309224 [HaLVH]'IL] 39.68 0 360.4
1509221 [CaL)[Ca][L] 9.27 2 396.5
1509222 [CaHL)/[Ca][H][L] 19.24 -1 397.5
1509223 [CaH,L}/[Ca][H][L] 28.76 0 398.5
4609221 [MgL/[Mg][L] 11.16 2 380.7
4609222 [MgHLY[Mg][HI[L] 19.65 -1 381.7
4609223 [MgH,LY[Mg][H]*L] 28.91 0 382.7
2819221 [FeL}/[FelL] 36.71 -1 412.3
2819222 [FeHL)/[Fe]HIL] 39.35 0 413.3
2819223 [FeOHLJ/[Fe][H]™[L] 24.95 2 429.3
2319221 [CuLy[Cu][L] 25.39 2 420.0
2319222 [CUHLY[CU][HI[L] 34.44 -1 421.0
2319223 [CuHL/[CulH]AL] 39.60 0 422.0

0,0-EDDHA4MA (see Table 6), rac-0,0-EDDH4MA (see
Table 7), meso-0,0-EDDH4MA (see Table 8), o,o-
EDDMtxA (see Table 9), 0,0-EDDH5MA (see Table
10), and 0,0-EDDHSA (see Table 11) were determined
and are discussed extensively elsewhere [13,25]. All

published equilibrium constants (including protonation
and formation constants) are expressed in terms of
concentration constants specifying ionic strength (u =
0.1 M) and temperature (25°C). Therefore,
transformation into activity constants should be
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Table 5: Equilibrium constants for p,p-EDDHA. Equilibrium constants are shown in terms of activity constants (Ko).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered

thermodynamic database

in

p,p-EDDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309231 [HLVHIIL] 10.85 -3 357.4
3309232 [HaLVHPL] 20.60 2 358.4
3309233 [HsLVHPIL] 27.88 -1 359.4
3309234 [HaLVH]'IL] 32.46 0 360.4
1509231 [CaL)[Ca][L] 5.25 2 396.5
1509232 [CaHL)/[Ca][H][L] 15.07 -1 397.5
1509233 [CaH,L}/[Ca][H][L] 23.56 0 398.5
4609231 [MgL}/[Mg][L] 5.45 2 380.7
4609232 [MgHLY[Mg][H][L] 15.03 -1 381.7
4609233 [MgH,LY[Mg][H]L] 23.14 0 382.7
2319231 [CuLy[Cu][L] 16.46 2 420.0
2319232 [CUHLY[CU][HI[L] 24.53 -1 421.0
2319233 [CUuHLY/[CulHJAL] 30.85 0 422.0
2319234 [CuHsLY/[CulH][L] 33.45 1 423.0

Table 6: Equilibrium constants for 0,0-EDDH4MA. Equilibrium constants are shown in terms of activity constants (Ko).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered

thermodynamic database

in

0,0-EDDH4MA
Specie ID# Specie Equilibrium Ke Charge MW
3309241 [HLVHIIL] 12.49 -3 385.4
3309242 [HaLVHPL] 23.61 2 386.4
3309243 [HsLVHPIL] 32.78 -1 387.4
3309244 [HaLVH]'IL] 39.39 0 388.4
1509241 [CaL)[Ca][L] 7.55 2 4245
1509242 [CaHL)/[Ca][H][L] 18.00 -1 4255
1509243 [CaH,L}/[Ca][H][L] 26.93 0 426.5
4609241 [MgL/[Mg][L] 9.71 2 408.7
4609242 [MgHLY[Mg][HI[L] 19.20 -1 409.7
4609243 [MgH,LY[Mg][H]L] 27.17 0 410.7
2819241 [FeL}/[FelL] 37.01 -1 440.3
2819242 [FeHL)/[Fe]HIL] 39.38 0 441.3
2819243 [FeOHLJ/[Fe][H]™[L] 24.95 2 457.3
2319241 [CuLy[Cu][L] 25.65 2 448.0
2319242 [CUHLY[CU][HI[L] 33.20 -1 449.0
2319243 [CuHL/[CulH]AL] 38.43 0 450.0
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Table 7: quuilibrium constants for rac-0,0-EDDH4MA. Equilibrium constants are shown in terms of activity constants
(K”). Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in
thermodynamic database

rac-0,0-EDDH4MA
Specie ID# Specie Equilibrium Ke Charge MW
3309251 [HLVHIIL] 12.69 -3 385.4
3309252 [HaLVHPL] 24.04 2 386.4
3309253 [HsLVHPIL] 33.05 -1 387.4
3309254 [HaLVH]YIL] 39.44 0 388.4
1509251 [CaL)[Ca][L] 8.89 2 4245
1509252 [CaHL)/[Ca][H][L] 18.80 -1 4255
1509253 [CaH,L}/[Ca][H][L] 28.66 0 426.5
4609251 [MgL/[Mg][L] 9.53 2 408.7
4609252 [MgHLY[Mg][H][L] 19.15 -1 409.7
4609253 [MgH,LY[Mg][H]*L] 27.78 0 410.7
2819251 [FeLl/[FelL] 36.31 -1 440.3
2819252 [FeHL)/[Fe]HIL] 39.09 0 441.3
2819253 [FeOHLJ/[Fe]H]™[L] 24.48 2 457.3
2319251 [CuLy[Cu][L] 24.38 2 448.0
2319252 [CUHLY[CU][HI[L] 33.63 -1 449.0
2319253 [CuHLY/[CulH]AL] 38.98 0 450.0

Table 8: Equilibrium constants for meso-0,0-EDDH4MA. Equilibrium constants are shown in terms of activity
constants (Ko). Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in
thermodynamic database

meso-0,0-EDDH4MA
Specie ID# Specie Equilibrium Ke Charge MW
3309261 [HLVHIIL] 12.83 -3 385.4
3309262 [HaLVHPL] 24.22 2 386.4
3309263 [HsLVHPIL] 33.37 -1 387.4
3309264 [HaLVH]'IL] 39.94 0 388.4
1509261 [CaL)[Ca][L] 8.56 2 4245
1509262 [CaHL)/[Ca][H][L] 19.03 -1 4255
1509263 [CaH,L}/[Ca][H]A[L] 28.67 0 426.5
4609261 [MgL}/[Mg][L] 11.37 2 408.7
4609262 [MgHLY[Mg][HI[L] 20.02 -1 409.7
4609263 [MgH,LY[Mg][H]L] 28.69 0 410.7
2819261 [FeL}/[FelL] 38.10 -1 440.3
2819262 [FeHL)/[Fe]HIIL] 39.63 0 441.3
2819263 [FeOHL]/[Fe][H]™[L] 25.59 2 457.3
2319261 [CuLy[Cu][L] 26.18 2 448.0
2319262 [CuHLY[CU][HI[L] 34.52 -1 448.0
2319263 [CuHL/[CulHJAL] 39.56 0 449.0
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Table 9: Equilibrium constants for 0,0-EDDMetxA. Equilibrium constants are shown in terms of activity constants (Ko).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered

thermodynamic database

in

0,0-EDDMetxA

Specie ID# Specie Equilibrium Ke Charge MW
3309321 [HLVHIIL] 8.04 -1 387.5
3309322 [HaLVHPL] 13.18 0 388.5
1509321 [CaL)[Ca][L] 4.05 0 426.6
1509322 [CaHL)/[Ca][H][L] 11.50 1 427.6
4609321 [MgL/[Mg][L] 4.79 0 410.8
4609322 [MgHLY[Mg][HI[L] 11.72 1 411.8
4609323 [MgH,LY[Mg][H]L] -3.92 -1 426.8
2319321 [CuLy[Cu][L] 16.15 0 426.6
2319322 [CuHLY[CU][H][L] 24.51 1 450.1
2319323 [CuHLY/[CulH]AL] 30.98 2 451.1
2319324 [CuHsLY/[CulH][L] 33.45 3 452.1

Table 10: Equilibrium constants for 0,0-EDDH5MA. Equilibrium constants are shown in terms of activity constants (Ko).

Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in
thermodynamic database
0,0-EDDH5MA
Specie ID# Specie Equilibrium Ke Charge MW
3309271 [HLI/[HI[L] 12.75 -3 385.4
3309272 [HLI[HT?[L] 24.17 2 386.4
3309273 [HsLI[HP[L] 33.31 -1 387.4
3309274 [HaLI[HI[L] 40.08 0 388.4
1509271 [CaL)/[Ca][L] 8.36 2 4245
1509272 [CaHL}/[Ca][H][L] 18.90 -1 4255
1509273 [CaH.L]/[Ca][H]*[L] 28.58 0 426.5
4609271 [MgL)/[Mg][L] 9.54 2 408.7
4609272 [MgHLY[Mg][HIIL] 19.02 -1 409.7
4609273 [MgH.L)/[Mg][HT?[L] 27.64 0 410.7
2819271 [FeL)/[Fe][L] 36.23 -1 440.3
2819272 [FeHL}/[Fe]H]IL] 39.19 0 441.3
2819273 [FeOHL)/[Fe][H] '[L] 24.12 2 457.3
2319271 [CuL)/[Cu][L] 25.17 2 448.0
2319272 [CuHLJ/[Cu][H][L] 34.35 -1 449.0
2319273 [CuHL}/[CulHI?[L] 39.72 0 450.0
conducted to be entered into the thermodynamic Ky, two nitrogen (K and K!), and two carboxylate

database. With the exception of 0,0-EDDMtxA, which
bears two uncharged methoxy groups, all chelating

agents are hexadentate with two phenolate (K, and

(KI and K.) groups. The methyl group in the
benzene ring may slightly increase the basicity of the
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phenol. The effect of the sulfonic groups in increasing
the acidity of the phenolic groups is reflected in the
values of all protonation constants for 0,0-EDDHSA.
The magnitudes of the Mg2+ stability constants are
higher than those of ca® for all of these chelating
agents due to the ligand architecture and metal
properties discussed previously [13]. The predominant
species with Fe®* involves coordination with the
nitrogen atoms, the carboxylic oxygens, and the
phenolate groups (FelL’), except for p,p-EDDHA and
0,0-EDDMtxA, which are not able to form the chelate.
The protonated (FeHL) and hydroxylated (FeOHLZ')
species are predominant at below pH 3 and above pH
10, respectively. Similar bonding has been observed
for 0,0-EDDHA/Mn** and 0,0-EDDHA/Zn** chelates,
although the axial donor groups of the organic
compound interact weakly with the metal ion [25].

Regarding to cu® species, at neutral pH or below,
coordination only occurs with the nitrogens, the

carboxylic oxygens, and with two molecules of water
(MH,L). For p,p-EDDHA and o0,0-EDDMtxA, these are
the only possible ways of binding Cu®* due to the
absence of ortho-hydroxy groups. Furthermore, for
these chelating agents, other cu® stability constants
must exclusively involve water molecule binding to the
metal (MHL  and MLZ'). For the remaining chelating
agents, a new complex is formed as pH increases. This
complex involves the coordination of the cu® by the
phenol groups (MLZ'). Finally, species MHL™ appears at
intermediate pH values.

3.2.2. Equilibrium Constants for o0,0-PDDHA, o0,0-
BDDHA, and 0,0-XDDHA

The protonation and stability constants of o0,0-
PDDHA (see Table 12), 0,0-BDDHA (see Table 13),
and 0,0-XDDHA (see Table 14) were reported
elsewhere [28]. As the length of the tether chain

Table 11: Equilibrium constants for 0,0-EDDHSA. Equilibrium constants are shown in terms of activity constants (Ko).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in

thermodynamic database

0,0-EDDHSA
Specie ID# Specie Equilibrium Ke Charge MW
3309341 [HLVHIIL] 11.71 -5 515.4
3309342 [HaLVHPL] 21.68 -4 516.4
3309343 [HsLVHPIL] 29.99 -3 517.4
3309344 [HaLVH]YIL] 36.52 2 518.4
3309345 [HsLVHIL] 39.58 -1 519.4
3309346 [HeLVH]°[L] 41.30 0 520.4
1509341 [CaL)[Ca][L] 7.97 -4 554.5
1509342 [CaHL)/[Ca][H][L] 16.57 -3 555.5
1509343 [CaH,L}/[Ca][H][L] 25.82 2 556.5
1509344 [Ca.L}/[CalL] 9.56 2 594.6
4609341 [MgL}/[Mg][L] 9.52 -4 538.7
4609342 [MgHLY[Mg][HI[L] 17.71 -3 539.7
4609343 [MgH,LY[Mg][H]L] 25.50 2 540.7
4609344 [Mg.L/[Mg]’[L] 11.36 2 563.0
2819341 [FeL}/[FelL] 36.64 -3 570.3
2819342 [FeHLY/[Fe]HIIL] 39.13 2 571.3
2819343 [FeH,LY[Fel[HIF[L] 41.07 -1 572.3
2819344 [FeOHLJ/[Fe][H]™[L] 24.91 -4 587.3
2319341 [CuLy[Cu][L] 24.19 -4 578.0
2319342 [CuHLY[CU][HI[L] 33.04 -3 579.0
2319343 [CuHL/[CulHJAL] 38.05 2 580.0
2319344 [CuHsLY/[CulH][L] 39.98 -1 581.0
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increases, i.e., from two (0,0-EDDHA) to four
methylene units (0,0-BDDHA), the two amino groups
become more independent from each other and there

reflected in the values of log Kf for 0,0-PDDHA, o,0-
BDDHA, and 0,0-XDDHA, which are higher than those
of 0,0-EDDHA (Tables 12, 13, and 14, respectively).

is less charge repulsion between them. This fact is

Table 12: Equilibrium constants for o0,0-PDDHA. Equilibrium constants are shown in terms of activity constants (Ko).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in
thermodynamic database

0,0-PDDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309281 [HLVIHIIL] 13.03 -3 371.4
3309282 [HaLVHPL] 24.75 2 372.4
3309283 [HsLVHPIL] 33.97 -1 373.4
3309284 [HaLVH]'IL] 41.25 0 374.4
1509281 [CaL)[Ca][L] 7.88 2 4105
1509282 [CaHL)/[Ca][H][L] 18.57 -1 4115
1509283 [CaH,L}/[Ca][H][L] 28.22 0 4125
4609281 [MgL}/[Mg][L] 10.52 2 394.7
4609282 [MgHLY[Mg][HI[L] 19.47 -1 395.7
4609283 [MgH,LY[Mg][H]L] 27.92 0 396.7
2819281 [FeL}/[FelL] 36.11 -1 426.3
2819282 [FeHLY/[Fe]HIIL] 38.62 0 427.3
2819283 [FeOHLJ/[Fe][H]™[L] 23.88 2 443.3
2319281 [CuLy[Cu][L] 24.02 2 434.0
2319282 [CUHLY[CU][HI[L] 33.87 -1 435.0
2319283 [CuHL/[CulH]AL] 41.23 0 436.0

Table 13: Equilibrium constants for 0,0-BDDHA. Equilibrium constants are shown in terms of activity constants (Ko).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in
thermodynamic database

0,0-BDDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309301 [HLY/[H][L] 12.82 -3 385.4
3309302 [HoLV[HP[L] 24.35 -2 386.4
3309303 [HaL)[HI[L] 33.51 -1 387.4
3309304 [HaL)[H]I'[L] 41.22 0 388.4
1509301 [CaL)/[Ca][L] 8.87 -2 4245
1509302 [CaHL)/[Ca][H][L] 18.45 -1 425.6
1509303 [CaH,L}/[Ca][H]’[L] 27.82 0 426.6
4609301 [MgL]/[Mg][L] 9.23 -2 408.7
4609302 [MgHL)/[Mg][HI[L] 18.29 -1 409.7
4609303 [MgH, LY/ [Mg][H]*[L] 27.49 0 410.7
2819301 [FeL)/[Fe][L] 32.25 -1 440.3
2819302 [FeHL)/[Fe][H][L] 36.44 0 441.3
2819303 [FeOHL/[Fe][H][L] 20.89 -2 457.3
2319301 [CuL)/[Cu][L] 21.23 -2 448.0
2319302 [CuHLY/[Cu][H]L] 30.82 -1 449.0
2319303 [CUH,LY/[Cul[HI[L] 37.74 0 450.0
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Table 14: Equilibrium constants for 0,0-XDDHA. Equilibrium constants are shown in terms of activity constants (Ko).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered in

thermodynamic database

0,0-XDDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309291 [HLVHIIL] 12.56 -3 4335
3309292 [HaLVHPL] 24.06 2 4345
3309293 [HsLVHPIL] 32.99 -1 4355
3309294 [HaLVH]'IL] 40.10 0 436.5
1509291 [CaL)[Ca][L] 7.76 2 472.6
1509292 [CaHL)/[Ca][H][L] 18.69 -1 473.6
1509293 [CaH,L}/[Ca]H][L] 27.42 0 474.6
4609291 [MgL}/[Mg][L] 9.06 2 456.8
4609292 [MgHLY[Mg][HI[L] 18.73 -1 457.8
4609293 [MgH,LY[Mg][H]L] 27.21 0 458.8
2819291 [FeL}/[FelL] 32.70 -1 488.4
2819292 [FeHLY/[Fe]HIIL] 36.90 0 489.4
2319291 [CuLy[Cu][L] 19.23 2 496.1
2319292 [CUHLY[CU][HI[L] 28.73 -1 497.1

The magnitudes of Mg2+ stability constants for
EDDHA and its analogs were higher than those for
ca®" across all products examined [13].

For the Fe™® formation constants for these types of
chelating agents, the predominant species and pH
levels are the same as those described for 0,0-EDDHA.
When Cu™ stability constants were compared, it was
found that as the length between the two amino groups
increases, stability of the Cu®* chelate decreases.

3.2.3. Equilibrium Constants of o,p-EDDHA

Protonation and stability constants for o,p-EDDHA
are shown in Table 15. All equilibrium constants
entered into the database were determined by our
research group [12,25] based on a o,p-EDDHA using a
novel synthesis pathway [7]. Protonation and formation
constants with the most relevant metals for agricultural
proposes have been described elsewhere [12,25],
using a previously validated method [8], and described
by other authors [37]. No dissociation constants of
carboxylic groups from o0,0-EDDHA and p,p-EDDHA
(see Tables 2 and 5, respectively) were determined
because precipitate was found when the pH was lower
than 5; however, the corresponding dissociation
constants could be readily determined in o,p-EDDHA
since no precipitation was observed.

Regarding the formation constants with Mg+2 and
Ca'® metals, the same trend that was previously
observed and explained for all phenolic ligands was
also found for o,p-EDDHA. The main o,p-EDDHA/Fe3+
and o,p-EDDHA/Cu2+ formation constants are shown in
Table 15. Three FeHL-H,0, Fe(LH)(OH)’, and FeLOH”
species are formed since a water molecule occupies
the vacant position left by para-hydroxy phenolate.

For Cu®*, the tendency is similar to that of Ca** and
Mg®* described above, since Cu** has four main
coordination positions in a square arrangement. In the
[0,p-EDDHA/Cu] species, the metal is bonded to one
carboxylate and one phenolate. The other two species
(CuHL  and CuLZ') are similar 0,0-EDDHA/Cu**
because the copper is coordinated with two amino
groups and one or two carboxylate groups.

The 0,p-EDDHA/Mn*" and o0,p-EDDHA/Zn** species
present similar structures to those of Fe*, with a weak
bond in the axial donor group as observed for o,0-
EDDHA.

3.2.4. Equilibrium Constants for HBED, HJB, and
DCHA

Equilibrium constants for HBED (11 in Figure 1),
HJB (12 in Figure 1), and DCHA (13 in Figure 1) are
shown in Tables 16, 17, and 18, respectively.
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Table 15: Equilibrium constants for o,p-EDDHA. Equilibrium constants are shown in terms of activity constants (Ko).
Other mandatory parameters such as charge and Molecular Weight (MW) have to be entered

thermodynamic database

in

o,p-EDDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309311 [HLVHIIL] 12.04 -3 357.4
3309312 [HaLVHPL] 22.86 2 358.4
3309313 [HsLVHPIL] 31.94 -1 359.4
3309314 [HaLVH]'IL] 38.35 360.4
3309315 [HsLVHIL] 40.92 361.4
3309316 [HeLVH]°[L] 42.20 362.4
1509311 [CaL)[Ca][L] 5.83 2 396.4
1509312 [CaHL)/[Ca][H][L] 16.41 -1 397.4
1509313 [CaH,L}/[Ca][H][L] 25.59 0 398.4
4609311 [MgL/[Mg][L] 7.36 2 380.7
4609312 [MgHLY[Mg][HI[L] 17.69 -1 381.7
4609313 [MgH,LY[Mg][H]*L] 26.18 0 382.7
2819311 [FeL}/[FelL] 31.29 -1 412.3
2819312 [FeHL)/[Fe]HIIL] 37.81 413.3
2819313 [FeH,LY[Fel[HIF[L] 40.13 414.3
2819314 [FeOHLJ/[Fe][H]™[L] 21.59 2 429.3
2319311 [CuL¥[Cu][L] 23.45 2 419.9
2319312 [CUHLY[CU][HI[L] 33.10 -1 420.9
2319313 [CuHLY/[CulH]AL] 38.52 421.9
2319314 [CuHsLY/[CulH][L] 40.50 422.9
4709311 [MnL}/[Mn][L] 9.81 2 415.1
4709312 [MnHLY[Mn][H][L] 20.5 -1 416.1
9509311 [ZnL[Zn][L] 14.15 2 4255
9509312 [ZnHLY[Zn]HIIL] 24.81 -1 426.5
9509313 [ZnHALY[ZN]HIFL] 32.46 0 4275

Table 16: Equilibrium constants for HBED. Equilibrium Constants are Shown in Terms of Activity Constants (Ko). Other
mandatory parameters such as charge and Molecular Weight (MW) have to be entered in thermodynamic

database
HBED
Specie ID# Specie Equilibrium Ke Charge MW
3309351 [HLY/[H][L] 13.32 -3 385.4
3309352 [HoLV[HP[L] 24.96 -2 386.4
3309353 [HsL)[HI[L] 33.71 -1 387.4
3309354 [HaL)[H]I'[L] 38.56 0 388.4
1509351 [CaL)/[Ca][L] 11.00 -2 4244
1509352 [CaHL)/[Ca][H][L] 20.12 -1 4254
1509353 [CaH,L}/[Ca][H]’[L] 27.83 0 426.4
4609351 [MgL]/[Mg][L] 12.22 -2 408.7
4609352 [MgHL)/[Mg][HI[L] 20.80 -1 409.7
4609353 [MgH, LY/ [Mg][H]*[L] 28.02 0 410.7
2819351 [FeL)/[Fe][L] 42.25 -1 440.3
2319351 [CuL)/[Cu][L] 23.09 -2 448.0
2319352 [CuHLY/[Cu][H]L] 32.15 -1 449.0
2319353 [CUH,LY/[CulHI[L] 37.54 0 450.0
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Table 17: Equilibrium constants for HIB. Equilibrium constants are shown in terms of activity constants (Ko). Other
mandatory parameters such as charge and Molecular Weight (MW) have to be entered in thermodynamic

database
HJB
Specie ID# Specie Equilibrium Ke Charge MW
3309381 [HLVHIIL] 13.21 -3 4135
3309382 [HaLVHPL] 23.71 2 4145
3309383 [HsLVHPIL] 32.08 -1 4155
3309384 [HaLVH]'IL] 36.9 0 4145
1509381 [CaL)[Ca][L] 9.34 2 4525
1509382 [CaHL)/[Ca][H][L] 17.9 -1 4535
1509383 [CaH,L}/[Ca][H][L] 25.05 0 4545
4609381 [MgL}/[Mg][L] 10.43 2 436.7
4609382 [MgHLY[Mg][H][L] 19.59 -1 437.8
4609383 [MgH,LY[Mg][H]L] 27.47 0 438.8
2819381 [FeL}/[FelL] 36.43 -1 468.3
2819382 [FeHL)/[Fe]HIIL] 37.46 0 469.3
2319381 [CuLy[Cu][L] 23.22 2 476.0
2319382 [CUHLY[CU][HI[L] 32.46 -1 477.0
2319383 [CuHLY/[CulHJAL] 37.93 0 493.0

Table 18: Equilibrium constants for DCHA. Equilibrium constants are shown in terms of activity constants (Ko). Other
mandatory parameters such as charge and Molecular Weight (MW) have to be entered in thermodynamic

database
DCHA
Specie ID# Specie Equilibrium Ke Charge MW
3309371 [HLVHIIL] 11.8 2 314.3
3309372 [HaLVHPL] 21.56 -1 315.3
3309373 [HsLVHPIL] 29.66 0 316.4
3309374 [HaLVH]'IL] 35.64 1 317.4
1509371 [CaL)[Ca][L] 6.16 -1 353.4
1509372 [CaHL)/[Ca][H][L] 16.01 0 354.4
1509373 [CaH,L}/[Ca][H][L] 25.37 1 355.4
4609371 [MgL}/[Mg][L] 6.29 -1 337.6
4609371 [MgOHL)/[Mg][H] L] -3.45 2 354.6
2819371 [FeL}/[FelL] 29.86 0 369.2
2819372 [FeHLY/[Fe]HIIL] 32.09 1 370.2
2819373 [FeOHLJ/[Fe][H]™[L] 21.89 -1 386.2
2319371 [CuLy[Cu][L] 23.66 -1 376.4
2319372 [CuHLY[CU][HI[L] 29.02 0 377.9
2319373 [CuHL/[CulH]AL] 33.38 1 378.9
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Constants for HBED were bibliographically obtained
[29,30] in terms of their concentration; they were then
converted to activity constants as previously described.
Equilibrium constants for HJB and DCHA were
determined, and their constants were entered into the
database [8,9].

HJB has a first protonation constant similar to of its
analog HBED. However, the second protonation
constant is notably the lowest, possibly due to the
methyl group acting as a substituent on the benzene
ring. The remaining protonation constants are similar to
those of HBED.

HJB/Ca®* and HJB/Mg®* stability constants are
generally lower than those of HBED complexes, likely
due to the influence of the methyl groups in the
benzene rings. The formed HJIB/Fe®* species are
similar to those of the o0,0-EDDHA/Fe** species,
involving (in the case of FelL species) the amino
nitrogen atoms, carboxylic oxygens, and phenolate
groups.

Regarding the HJB/Cu®* formation constants (Table
17), CuH,L, CuHL, and CulL stability constants were
identified and determined. Corresponding species may
be similar to 0,0-EDDHA/Cu®".

Because the charge of DCHA (L3') is lower than
those of 0,0-EDDHA and o,p-EDDHA (L4'), the acidity
of the phenolate and amine groups is higher in DCHA,
resulting in a lower affinity towards protons (see Tables
18, 1, and 6 for protonation constants for DCHA, o,0-
EDDHA, and o,p-EDDHA, respectively), as already
described previously [26] for other similar chelating
agents but with different overall charges.

As expected from previous results, the magnitudes
of the DCHA/Mg2+ stability constants are higher than
those of DCHA/Ca®" (see Table 18).

DCHA ligand can complex cu® with two phenolate
and two amine groups. As has been extensively
described [9], the lack of the second carboxylate group
in the DCHA ligand leads to decreased stability of
DCHA/CU** at low pH. Thus, a water molecule will

Table 19: Equilibrium constants for IDHA. Equilibrium constants are shown in terms of activity constants (Ko). Other
mandatory parameters such as charge and Molecular Weight (MW) have to be entered in thermodynamic

database
IDHA
Specie ID# Specie Equilibrium Ke Charge MW
3309361 [HLVHIIL] 11.38 -3 246.1
3309362 [HaLVHPL] 16.57 2 247.1
3309363 [HsLVHPIL] 20.53 -1 248.1
3309364 [HaLVH]'IL] 23.17 0 249.1
3309365 [HsLVHIL] 24.69 1 250.1
2819361 [FeL}/[FelL] 16.43 -1 300.9
2819362 [FeHL)/[Fe]HIIL] 20.53 0 301.9
2819363 [FeOHLJ/[Fe][H]™[L] 10.7 2 299.9
2319361 [CuL¥[Cu][L] 14.59 2 308.6
2319362 [CUHLY[CU][HI[L] 19.41 -1 309.6
2319363 [CuH,L/[CulH]AL] 22.75 0 310.6
2319364 [CUOHLY/[CUJ[HTY[L] 3.55 -3 307.6
4709361 [MnL}/[Mn][L] 8.97 2 300.0
9509361 [ZnL[Zn][L] 11.86 2 310.5
9509362 [ZnHLY[Zn]HIIL] 16.7 -1 3115
9509363 [ZnOHLY/[Zn][H]™M[L] 0.82 -3 309.5
1509361 [CaL)[Ca][L] 6.01 2 285.2
4609361 [MgL}/[Mg][L] 7.16 2 269.4
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occupy the coordination positions in the CuH,L and
CuHL species.

The values of DCHA/Fe*" are shown in Table 18.
FeHL, FelL, and FeOHL species were identified, and
their stability constants were determined. This behavior
is analogous to that observed for 0,p-EDDHA/Fe3+.

3.2.5. Equilibrium Constants for EDDS and IDHA

As described above, new biodegradable chelating
agents should be investigated to combat the
environmental risks associated with the presence of
recalcitrant chelating agents such as EDTA and o,0-
EDDHA, as well as their analogs, in the soil for long
periods of time.

Equilibrium constants for IDHA and EDDS are
shown in Tables 19 and 20, respectively. Equilibrium
constants are bibliographically available [32-35,38,39].
Equilibrium constants for EDDS are very similar to
those of EDTA since the same number (six) and type
(two amine and four carboxylic groups) of donor groups
are present in both chelating agents. However, only
five donors groups are identified for IDHA, in which one
basic amine group is absent when compared to EDTA.

Five protonation constants of IDHA were
determined (see Table 19). The first protonation
constant of IDHA corresponds with protonation of the
tertiary amine group. The second and third protonation
constants of IDHA correspond with protonation of the
carboxylate groups. The two lowest protonation
constants of IDHA involve protonation of the other
carboxylate groups. The absence of one basic amine
group significantly decreases IDHA/Fe** stability
constants to approximately 9 units of log K with respect
to those of EDTA/Fe*, and a decrease of 20 units of
log K compared with those of 0,0-EDDHA/Fe*" is also
noted.

3.3. Practical Applications of Chemical Speciation
Programs with Updated Databases

Once both component and thermodynamic
databases were updated with the described chelating
agents and equilibrium constants, respectively,
theoretical models were validated to ensure that
theoretical chelate stability in their actual environments
had been assessed [11]. Behavior of the Fe*® chelates
was examined in three agronomic situations. First, the
theoretical model was constructed to simulate
hydroponic conditions. Hoagland nutrient solution [24]

Table 20: Equilibrium constants for EDDS. Equilibrium constants are shown in terms of activity constants (Ko). Other
mandatory parameters such as charge and Molecular Weight (MW) have to be entered in thermodynamic

database
EDDS
Specie ID# Specie Equilibrium Ke Charge MW
3309391 [HLVHIIL] 10.87 -3 293.0
3309392 [HaLVHPL] 18.33 2 294.0
3309393 [HsLVHPIL] 22,5 -1 295.0
3309394 [HaLVH]'IL] 25.66 0 296.0
3309395 [HsLVHIL] 26.95 1 297.0
3309396 [HeLVH]°IL] 28.72 2 298.0
2819391 [FeL}/[FelL] 23.68 -1 347.9
2319391 [CuL¥[Cu][L] 20.46 2 355.6
2319392 [CUHLY[CU][HI[L] 24.39 -1 356.6
3309393 [CuHL/[CulH]AL] 26.8 0 357.6
2319394 [CUOHLY/[CUJ[HT L] 8.81 -3 354.6
4709391 [MnL}/[Mn][L] 10.77 2 347.0
9509391 [ZnL[Zn][L] 15.34 2 357.4
9509392 [ZnHLY[Zn]HIIL] 19.34 -1 358.4
1509391 [CaL)[Ca][L] 6.34 2 332.3
4609391 [MgL}/[Mg][L] 7.77 2 316.6
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was used, and Fe(OH)s(amp) was introduced into the
system for solubility control. The other models were
constructed to predict the behavior of chelates in soil
conditions. Two soil types with unlimited and limited
cu* availability were proposed to predict the stability
of Fe*? chelates with high and low Cu*? levels in soil,
respectively. The percentage of chelated Fe was
obtained using the equilibrium speciation model
MINTEQAZ2 [14], and most recently using the VMinteq
program [15]. Free metal activity and species
distribution were chosen as the parameters for defining
Fe*® chelate stability in agronomic conditions.

The proposed theoretical model was tested for all
chelating agents by several authors. Thus, theoretical
modeling for 0,0-EDDHA, p,p-EDDHA, 0,0-EDDMtXA,
rac-o0,0-EDDHA, meso-0,0-EDDHA, 0,0-EDDH4MA,
rac-o0,0-EDDH4MA, meso-0,0-EDDHMA, 0,0-
EDDH5MA, and o0,0-EDDHSA has already been
reported; it was found that 0,0-EDDHA and its analogs
(exception for p,p-EDDHA and o0,0-EDDMtxA) show
comparable chelating abilities [13]. The theoretical
models for 0,0-PDDHA, 0,0-BDDHA, and 0,0-XDDHA
have been examined elsewhere [28]. It was found that
when pFe is calculated using a nutrient solution
composition, the differences among pFe values
decreased, and 0,0-XDDHA showed the highest affinity
towards Fe**; however, these values were independent
of the length and complexity of the tether linking amino
groups, and all chelating agents studied could be used
as ferric chlorosis correctors, and they could be
subsequently applied in soil/plant systems.

When o,p-EDDHA theoretical speciation was
examined under hydroponic conditions [12,25], o,p-
EDDHA/Fe** and o,p-EDDHA/Zn** result as effective
iron and zinc sources at agronomic pHs. In soil
conditions  with limited Cu** availability, o,p-
EDDHA/Fe*" was stable; but when the soil contained
large amounts of Cu**, Fe*" was displaced from the
chelate.

Based on the theoretical modeling of the chelates, it
was found that DCHA/Fe** was superior to EDTA/Fe**
and o,p-EDDHA/Fe3+ as a ferric chelate to correct iron
chlorosis for agronomic purposes [9]. We would have
been unable to draw this conclusion if only the stability
constants were analyzed.

HBED/Fe®* is the most stable chelate and
EDTA/Fe® the least stable among the three models. In
the nutritive solution system, Fe(lll) was chelated by
HJB to a similar level as rac-0,0-EDDHA and meso-

0,0-EDDHA. In soils with limited Cu(ll) levels, HJB/Fe**
chelate demonstrated similar stability levels to those in
the model with unlimited Cu(ll). It is also clear that for
rac-0,0-EDDHA and meso-0,0-EDDHA, the main
competitor is Cu(ll) since in the limited Cu(ll) model,
the stability was considerably higher. While 0,0-EDDHA
and HJB may present similar stability levels in soil
conditions, HIB demonstrates an advantage when high
Cu(ll) concentrations are present, given that that Cu(ll)
competition is not as important for HIB as for o,0-
EDDHA [8].

Despite the fact that IDHA/Fe** presents low
stability and high reactivity in agronomic conditions
since it is biodegradable, its use as an Fe fertilizer in
hydroponics and fertirrigation should be considered
[34].

4. CONCLUSIONS

Once the database is updated to contain new
chelating agents with potential applications in
agriculture and environmental industries, different
scenarios can be considered. Theoretical models using
any of the available chemical speciation programs
(GEOCHEM, VMinteq, PhreeQC, etcetera) will be very
useful for predicting the behavior of these chelating
agents in different conditions. Currently, theoretical
modeling is applied for chelating agents in order to
determine their effectiveness as iron fertilizers in terms
of their ability to maintain chelated Fe(lll). The
environmental geochemistry of chelating agents is not
well-understood. Models such as the diffuse layer
model (DLM) and the CD-MUSIC model (CDM) should
be evaluated to describe the adsorption of these
chelating agents to particle surfaces.
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