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ARTICLE INFO ABSTRACT

The formation and equilibria of Sr**, Mg?*, Ca®>*, Ba®*, and Y>* (M) complexes with a mixed-chelator
comprising two biodegradable chelators (GLDA, Lg, 2-[bis(carboxymethyl)amino] pentanedioic acid; HIDS, Ly,
2-(1,2-dicarboxyethylamino)-3-hydroxy-butanedioic acid) in an aqueous matrix was evaluated. The potentio-
metric measurement results (ionic strength, 0.10 M; temperature, 25 + 0.1 °C) confirmed the formation of 1:1:1
(M:Lg:Ly) complexes and the experimental data sets were further used to derive the equilibrium constants for the
ternary complexes. The [MHLgLy;]°~ complex was the dominant ternary complex with Sr**, Mg?*, Ca®*, and
Ba?*, while Y®* formed [M(OH),LgLy]” ™ as the principal ternary species. The trend in the overall formation
constants of the ML (Limie, Lg:Ly = 1:1) complexes was in the order: Y>* > Ca?* > Mg** > Sr?* > Ba®*.
The ternary complexation trend was interpreted using the corresponding atomic radii and solution-phase
electronegativities of the elements. The modes of interaction between the chelators and cations in the ML,
systems were subsequently deduced, and evaluated by using Gaussian 16W program. The relative stabilities of
the ternary complexes (AlogK) were interpreted by comparison with the stabilities of the corresponding binaries,
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with negative AlogK values observed for all the ML,,;, complexes.

1. Introduction

Radiostrontium (r-Sr) is one of the most commonly measured
radioelements in environmental radioactivity monitoring [1]. The
ecosystem receives r-Sr (°°Sr, 8°Sr, ®°Sr) from nuclear technology-re-
lated activities and uncharacteristic emissions following nuclear in-
cidents [2]. The healthcare, research, and industrial sectors also use r-Sr
to exploit beta emission energy [3]. The intrusion of r-Sr in the bio-
sphere evokes concern because of its higher mobility over that of many
other radioelements [4] and a propensity of the residual r-Sr to remain
in the upper soil layer (<10 cm) [5,6]. The r-Sr ions (Sr*™) accumulate
in bone and bone marrow and can cause bone cancer, leukemia, and
cancer of the adjacent soft tissue [7,8].

Chelators, which can bind with metals to create stable complexes
[9], are commonly used in nuclear facility decontamination activities
[10], treatment of radiation sickness [11], and washing remediation of
radionuclide-contaminated solids [12]. The use of chelators is favored
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in solid-waste treatment due to broad-range applicability and suitable
economics [13-15]. Nevertheless, the after-use environmental release
of classical chelators, such as EDTA (2,2/,2”,2”-(ethane-1,2-diyldini-
trilo)tetraacetic acid), DTPA (2-[bis[2-[bis(carboxymethyl) amino]
ethylJamino]acetic acid), and their homologs, is criticized due to the
endless persistence in the environment and subsequent lethal exposure
of these compounds [9,16]. Biodegradable alternatives to classical
chelators, including EDDS (2-[2-(1,2-dicarboxyethylamino) ethyla-
mino]butanedioic acid), GLDA (2-[bis(carboxymethyl)amino]pentane-
dioic acid), HIDS (2-(1,2-dicarboxyethylamino)-3-hydroxy-butanedioic
acid), IDSA (2-(1,2-dicarboxyethyl amino)butanedioic acid), MGDA (2-
[bis(carboxymethyl)amino]propanoic acid), have thus been introduced
[13,17,18].

Our research interest is the exploration of the potential of new
biodegradable chelators for solid-waste processing applications. Thus,
our earlier works include studies on 1:1 metal-chelator complex for-
mation characteristics [19-21] and their impact on washing
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remediation and rare-element recovery from solid wastes [12,22-25].
The formation, stability, and bioavailability of metal-chelator com-
plexes are conventionally assumed in view of 1:1 binary complexation
under equilibrium conditions [26]. However, interactions between
multi-chelator and multi-element ions commonly occur in biological
and environmental conditions to generate mixed-chelator or higher-
order complexes [27]. Ternary complexes, the simplest of such higher-
order complexes consisting of one metal ion and two different chelators,
are essential to explore the ion binding potential in, among others,
pharmaceutical and biotechnological applications [28-33]. Moreover,
better element-extractability of mixed chelators comprising EDTA and
organic chelators (e.g., oxalate, GLDA, and citric acid) from solid wastes
has been reported [34,35].

As a continuation of our research on the complexation behavior of
biodegradable chelators with ecologically important ions, herein we
present a study of the ternary complexes of Sr**, Mg?*, Ca®*, Ba®™,
and Y** with GLDA and HIDS (ionic strength, I = 0.10 M; temperature,
T = 25°C). Other ions (Mg>*, Ca®", Ba®*, and Y**) have been in-
cluded with Sr2* due to their biochemical likeness (Ca2") [7,8] or si-
milarity in geochemical features (Mg?* and Ba®*) [36,37], while Y3*,
which exists in secular equilibrium in the environment, is the daughter-
isotope of r-Sr [1]. Further, GLDA and HIDS were selected as an alter-
native to classical chelators, e.g., EDTA and its homologs, for their
biodegradability and superior complexation ability over those of the
frequently-recommended green EDTA-alternatives, e.g., EDDS [19] and
IDSA [21]. In this study, the stable Sr-isotopes (3*Sr, 86Sr, and ®3Sr) are
used as a natural analog to r-Sr since their resemblance in biogeo-
chemical features is conforming [38]. The newly derived data-sets show
great potential for application in the washing decontamination of re-
siduals from nuclear energy-related activities containing r-Sr and its
geochemically-related elements.

2. Experimental
2.1. Instrumentation

A KEM AT-710 automatic titrator (Kyoto Electronics, Kyoto, Japan)
was used for the potentiometric measurements. The titration system
included a pH-combination electrode, temperature probe, dosing nozzle
connected to a titrator, magnetic stirrer, and titration vessel. The
100 mL titration vessel comprised an inlet and outlet for N, gas-flow as
well as inlets for each of the abovementioned components.

An SKG-01 heat exchanger bath (AS ONE, Tokyo, Japan) was
combined to a TBK202HA constant temperature water heater
(Advantec, Tokyo, Japan) and Eyela CTP-1000 thermo-controlled water
circulator (Tokyo Rikakikai, Tokyo, Japan) to maintain controlled-
temperature conditions in the solutions.

A PureLab Ultra-Analytic water purification system (ELGA Lab
Water, Celle, Germany) was used to produce ultrapure water with a
resistivity of > 18 mQ-cm and total organic content of < 1 pg-dm 3.

A Nexion 350S ICP-MS (inductively coupled plasma mass spectro-
meter) (Perkin Elmer, Shelton, CT, USA) was used to quantify the metal
concentration in the working solutions. The TOSOH 8020 high-perfor-
mance liquid chromatography system (TOSOH, Tokyo, Japan) was used
to validate the chelator concentration in the solutions.

2.2. Biodegradable chelators

The biodegradable chelators GLDA (Lg, CoH13NOg) (Tokyo Kasei
Kogyo, Tokyo, Japan) and HIDS (Ly, CgH;1NOg) (Nippon Shokubai,
Tokyo, Japan) (Fig. 1) were used as components in the L;, (Lg + Ly,
1:1) solution. The commercially-available packages of Lg and Ly com-
prised 40 and 50 wt% solutions, respectively, of the corresponding
tetra-sodium salts in the aqueous matrix.
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Fig. 1. Chemical structures of the component biodegradable chelators (GLDA,
Lg, 2-[bis(carboxymethyl)amino] pentanedioic acid and HIDS, Ly, 2-(1,2-di-
carboxyethylamino)-3-hydroxy-butanedioic acid) in the MLy,;, system.

2.3. Reagents

All the reagents used were of analytical grade and used without
further purification. Potassium hydroxide (KOH, CO»-free), potassium
nitrate (KNO3), and nitric acid (HNO3) were purchased from Kanto
Chemical (Tokyo, Japan) and used as the titrant, background electro-
lyte, and source of protons in the titer, respectively. The KOH titrant
concentration was confirmed using potassium hydrogen phthalate.
Standard solutions of pH 4.0, 7.0, and 9.0 (Horiba 101-S, Kyoto, Japan)
were used as the calibrants to standardize the electrode prior to the pH-
metric experiments as per manufacturer-recommended protocol.

Anhydrous strontium nitrate, magnesium nitrate hexahydrate, yt-
trium nitrate tetrahydrate (Merck KGaA, Darmstadt, Germany) together
with calcium nitrate tetrahydrate and barium nitrate (Wako Pure
Chemical, Osaka, Japan), all with a mass fraction purity = 99.9, were
dissolved in an aqueous matrix to prepare respective stock solutions of
Sr?*, Mg?*, Y®*, Ca®”", and Ba®". The concentrations of these stock
solutions were further verified via ICP-MS measurements. The source
standards for ICP-MS were prepared from certified solutions of Sr, Mg,
Ca, Ba, and Y (1000 mg-dm ~3; SpecCertiPrep, Metuchen, NJ, USA). All
the reagents were diluted by mass in the range pumol L™ '-mmolL~!
using ultrapure water before use.

2.4. Methods

2.4.1. Equilibrium titration

The pH-metric titration data were recorded, using the titrator soft-
ware, at a pre-set dosing interval (120s) for each 0.02 mL titrant (KOH,
0.1 M) addition in 50 mL titer. The titer solution comprised the chelators
(Lg, Ly, or an equimolar mix of Lg and Ly; 1.0 x 10~ > M), proton-sup-
plier (HNOg; 1.0 x 10~ >M), metal ions (Sr**, Mg>*, Ca®**, Ba®", or
Y3*; equimolar ratio to the chelators), and background electrolyte (KNOg;
I = 0.1 M). The titer solution was continuously stirred to ensure thorough
mixing of the components. An uninterrupted N, flow created an inert
reaction environment and eliminated the ingress of CO5 in the titer. The
experiment was performed at T = 25°C (uncertainty, + 0.1 °C). The
variation in the titer solution pH with titrant addition was measured using
a pre-calibrated electrode up to the third decimal place of pH units
(precision, = 0.001). The incremental addition of the titrant to the titer
was continued to produce a real-time titration curve in the solution pH
range 2.1-11.2 and the average time leg for each titration was 14 = 2h.
The titrations were initiated from the acid region as the solution homo-
geneity was presumably higher at lower pH values [39]. Each titration
was repeated at least fivefold and the computational analysis used =150
pH data points.

2.4.2. Data processing

GLEE 3.0 [40], HySS2009 [41], and Hyperquad2008 [42] software
programs were used to process the experimental potentiometric data-
sets (Table S1, Appendix A: Supplementary information).

The GLEE (Glass electrode evaluation) program computed the im-
pact of the electrode junction potentials on the measured pH values at
low and high pH regions based on the strong acid-base titration results.
The objective was to estimate the extent of carbonate contamination in



Z.A. Begum, et al.

the base solution, electrode potential, and slope factor (hydrolysis
constant of water, pK,, = 13.79, I = 0.1 M, T = 25 °C). The uncertainty
in the meter reading was < 0.05mV.

The HySS (Hyperquad simulation and speciation) program was used
to simulate the titration requirements that support the pre-assumed
model representing the chemical equilibria in the solution obtained
using mass-balance equations. The equilibrium model and experimental
potentiometric data were then entered into the Hyperquad program to
estimate the metal-chelator complexation constants using a non-linear
refinement technique. The estimate was further improved by the in-
teractive adjustment of the model to obtain a reasonably good fit, which
only presented small systematic trends in the residuals between the
observed and calculated values. The protonation constants for Lg and
Ly (Table S2; Appendix A: Supplementary information) [21] and the
hydrolysis constants of the Sr2*, Mg?*, Ca®*, Ba?", and Y®"species
(Table S3; Appendix A: Supplementary information) [43] were added as
invariable parameters to the Hyperquad2008 program to facilitate the
programmed-correction of the complexation constants that were cal-
culated as variables.

Gaussian 16W [44] was used to perform the density functional
theory (DFT) calculations of isolated Lg and Ly molecules and the
corresponding ternary M2* (Sr*>*, Mg?*, Ca®*, and Ba®*) complexes,
which were optimized using the B3LYP method. The LanL2DZ basis set
was used for M? " -atoms while 6-31 G(d) basis set was employed for C,
N, O, and H, which were combined with the CPCM solvation method
(solvent, H,0).

3. Results and discussion
3.1. Formation of the ternary complexes

The protonation of the chelators during the pH-metric titrations in
the absence of metal ions, f3,, was calculated using the overall reaction:
[H,L]
[H]*[L]

5;1 = KaKay Ky = o)
where K1, Kao... K, represent the stepwise acid dissociation constants;
[H] represents the protons associated with the chelators; and [L] re-
presents the Lg and Ly contents in solution. The previously reported pK,
values for Lg (9.39, 5.01, 3.49, 2.56) and Ly (9.61, 4.07, 3.08, 2.14),
T =25°C; I =0.1M [21], indicate that the protonations occur at the
amino nitrogen and carboxyl oxygen positions. The protonation equi-
libria of Lg and Ly are presented in Table S2 (Appendix A: Supple-
mentary information).

The best composition model was selected to calculate the formation
constants (10g10Byqrs) for the ternary complexes of Sr**, Mg?*, Ca®*,
Ba2*, and Y®* with the Lg and Ly mixed solution in the aqueous matrix
(Table 1). The determining factors were the consistency between the
predicted and experimental potentiometric data, best statistical fit, and
relevance to the chemical approach. The overall stoichiometry asso-
ciated with the possible equilibria in the mixed-chelator (ML,,;,) system
can be expressed by the equation:

[ MquLGrLHs]

[M]P[H][Lg]" [Lu]®
@

where the symbols p, g, r, and s represent the respective stoichiometric
coefficients for the metal ions (M = Sr**, Mg?™*, Ca®>*, Ba®", and Y>*),
[H], Lg, and Ly in the ML,,;, system under equilibrium conditions.

The coordination of two different chelators (Lg and Ly) with M
(Sr**, Mg?*, Ca®*, Ba®*, and Y ") can be expressed by Egs. (3)-(8) to
define the stepwise formation constant (log;oK) in the ML,,;, systems:

PM + gH + rLg + sLy = MpHyLg,Lu; ﬁpqm =

[MLg]

M + Lg = MLg ML
G

Kyig =

€))
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ML
M + Ly = MLy KMLH:@
[M][Lx] Q)
[MLgLs]
MLg + Ly = MLgly Kwmrgiy = -
S [MLg][Ly] (5)
[MLyLg]
MLy + Lg = MLyl Kmigrg =+ 7
16 MLyl [Lg] ©
[MHLGLy]
MLGLH + Ht = MHLGLH KMHL LH = Torr 1 1re11
S [MLgLy][H] )
[MHLyLg]
MLHLG + Ht = MHLHLG KMHL ) IR —
6 [MLyLg] [H] (®

The coordination of the water molecules involves additional de-
protonation reactions in the ML,,;, systems and can be defined as:

[M(OH)LgLy][H]

MLgLy(H,0) = M(OH)LgLy + HY K, = J > -

cLu(H,0) (OH)LgLy M(OH)LgLy [MLoLy (H,0)]
9

[M(OH)LyLg][H]

MLyxLg(H,0) = M(OH)LyzLg + HY K =/l

1Lc (H;0) (OH)LyLg M(OH)LyLg [MLyL (H,0)]
(10)

The ML,,;, complexes, namely MLgLy and MLyLg (Egs. (5) and (6),
respectively), MHLgLy and MHLyxLg (Egs. (7) and (8), respectively),
and M(OH)LgLy and M(OH)LyLg (Egs. (9) and (10), respectively) act
identically when they remain labile in solution [45].

The titration curves for the formation of the ternary complexes in
the ML,,;, system containing 1:1:1 stoichiometric mixtures of M:Lg:Ly
were then compared to those obtained for the protonations of Lg and Ly
and a 1:1 binary mixture of M:Lg and M:Ly, respectively (Figs. 2a, 3a,
4a, 5a, and 6a). The complexation characteristics of the M:Lg and M:Ly
binary systems under similar conditions have been reported by Begum
et al. [19]. The compared theoretical and experimental titration data
for the ML, system (M:Lg:Ly, 1:1:1), illustrated in the insets of
Figs. 2a, 3a, 4a, 5a, and 6a, are limited to the complexation zone to
ensure better visualization. The theoretical and experimental titration
curves are almost overlapped thereby confirming the validity of the
assumed complexation models. The deviations in the titration curves
for M:Lg:Ly compared to those of the binary M:Lg and M:Ly samples
confirmed the occurrences of ternary complexation in the ML,,;, system,
while the inflection at higher pH values indicated the presence of metal-
hydroxy species [46].

Refinements over the entire pH range were converged successfully
for the M + Lg + Ly (1:1:1) composition, while the following com-
plexation equilibria were terminated: (M), + Lg + Ly (2:1:1).
Moreover, the presence of M(Lg)> or M(Ly)s species in the 1:2 binary
systems (M = Sr**, Mg2*, Ca%", Ba®*, and Y*>*) was not validated
[19].

The formation of ternary complexes via the equimolar binding of
two different chelators with the metal ions is straightforward. However,
it might also occur via a complete 1:1 complexation between M and Lg
or Ly to form the respective MLg or MLy complex in the first step,
followed by a subsequent 1:1 complexation of MLg or MLy with Ly or
Lg [47,48]. In general, the chelating potential of Lg and Ly determines
whether the complex formation mechanism is stepwise or simultaneous
[26].

3.2. Speciation of the ternary complexes

A statistical assumption predicted 50% ternary complex formation
in the MLy,; system and <25% binary parent complex formation [49].
The complexation of metal (M = Sr**, Mg?*, Ca®*, Ba®>*, and Y*")
with the Lg and Ly mix was characterized by the formation of 1:1:1
(M:Lg:Ly) complexes and 1:1 complexes of M:Lg and M:Ly, which were
dominant in the ML,,;, system.
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Table 1

The overall formation constants (log1oBpqrs) for the ternary ML, complexes (M = Sr**, Mg?*, Ca®*, Ba®*, or Y>*; Ly = Lg + Ly, Lg, GLDA and Ly, HIDS)™".
Formation reactions P q r s log10Bpqrs SD
Sr2+
Sr2* + Lg*™ + Ly = [SrLlelyl®™ 1 0 1 1 7.67 0.04
Sr2* + H + Lg*™ + Ly*™ = [SrHLgLy1° ™ 1 1 1 1 17.44 0.02
Sr?* + 2HY + Lg*™ + Lg*™ = [SrHyLgLyl® ™ 1 2 1 1 25.17 0.01
Mg2+
Mg?* + OH™ + Lg*™ + Ly*™ = [Mg(OH)LgLul”~ 1 -1 1 1 -1.18 0.02
Mgt + Lg*™ + Ly*™ = [MglcLul®™ 1 0 1 1 9.08 0.03
Mg?* + H* + Lg*™ + Ly*™ = [MgHLgLyl®~ 1 1 1 1 18.67 0.02
Mg?* + 2H" + Lg*™ + Ly*™ = [MgH,LoLyl* ™ 1 2 1 1 25.1 0.01
ca%*
Ca?* + OH™ + Lg*™ + Ly*™ = [Ca(OH)LgLyl” ™ 1 -1 1 1 -0.78 0.01
Ca?* + Lg*™ + Ly* ™ = [CalgLul®~ 1 1 1 9.43 0.01
Ca?* + HY + Lg*™ + Ly*~ = [CaHLgLyl®~ 1 1 1 1 18.92 0.02
Ca?* + 2H' + Lg*™ + Ly* ™ = [CaH,LgLyl* ™ 1 1 1 24.95 0.01
Ba’™*
Ba?* + OH™ + Lg*™ + Ly*™ = [Ba(OH)LgLyl” ~ 1 -1 1 1 —3.57 0.04
Ba?t + Lg*™ + Ly*™ = [BaLgLyl®™ 1 0 1 1 7.17 0.02
Ba’t + H* + Lg"™ + Ly*™ = [BaHLgLyl®~ 1 1 1 1 16.83 0.02
Ba®" + 2H" + Lg*™ + Ly*™ = [BaH,LoLyl*™ 1 2 1 1 24.9 0.01
y3+
Y3* 4+ 30H™ + Lg*™ + Ly*™ = [Y(OH)sLgLyl® ™ 1 -3 1 1 4.55 0.02
Y3+ + 20H™ + Lg*™ + Ly~ = [Y(OH),LgLyl” ™ 1 -2 1 1 14.46 0.02
Y3t + OH™ + Lg*™ + Ly*™ = [Y(OH)LgLy]®~ 1 -1 1 1 20.61 0.01
Y3 4+ Lg*T + Ly* ™ = [YLgLyl® ™ 1 0 1 1 25.26 0.01
Y3* + HY + Lg*™ + Ly*™ = [YHLgLy]*™ 1 1 1 1 28.84 0.02
Y3+ + 2HY + Lg*™ + Ly* ™ = [YH,LgLyl® ™~ 1 1 1 1 32.56 0.01

2 1=0.1M; T=25°C; M:Lg:Ly = 1:1:1; matrix, H,O.
> Experimental potentiometric data were processed using Hyperquad2008 to derive the 10g10Bpgrs (m = 3). The symbols p, q, r, and s respectively denote the
stoichiometric coefficients for Sr2*, Mg®*, Ca®*, Ba", or Y>*, proton, Lg, and Ly in the MLy, system associated with the possible equilibria in solution.

The species distribution curves for the ML,,;, system containing di- formation rate for the binary complexes ([ML¢]?~ and [MLg1?™) was
valent metal ions (M = Sr?*, Mg?*, Ca®*, and Ba®"; Ly = Lg + Lyp) observed in the range 12-42%.
suggested that the complexation started in increasing proportions at The ternary complexes of Y>* and Ly (Lg + Ly, ([YHoLgLul® ™,
~pH 3.3 with the formation of bi-protonated ([MH,LgLy]*"), proto- [YHLGLg]* ", [YLgLal®~, [Y(OH)LgLyl®~, [Y(OH),LgLyl” ™, and [Y

nated ([MHLgLy1°7), and deprotonated ([MLgLy1%7) ternary species (OH)3LgLy1% ") started to form at pH < 2, with the highest formation
(Figs. 2b, 3b, 4b, and 5b). On the other hand, except with Sr?*, the ratio of [Y(OH),LcLyl”~™ (95%) observed at the basic pH region
formation of ternary ML,,;~hydroxy species ([IM(OH)LgLy1” ™) was (Fig. 6b). The speciation observed for Y3+ was significantly different

observed at higher pH values (pH =9). The dominating formation of from those observed for the di-cations. The formation of ternary Y>*
[Sr(OH)Ly]>~ in the ML, system (Fig. 2b) was attributed to the higher complexes began at a pH < 2 and was dominant across the whole pH
degree of stability of the binary Sr> " —hydroxy chelates over those of the range as compared to binary complex formation. Moreover, the
corresponding ternaries. A similar tendency was also observed for Ba®* Y3 *_hydroxy-L,; chelates largely dominated the speciation diagram at
with the dominant formation of [Ba(OH)Ly]®~ over that of ([Ba(OH) pH > 6, possibly due to the strong hydrolytic behavior of Y3+,
LgLyl” ~; Fig. 5b). The maximum ternary complexation of Ly, with the The chelators used in this work contain basic amino nitrogen donor
divalent ions occurred in the range 25-41%, while the highest groups that can associate with protons (H*) in low-to-medium pH
(a) (b) Fig. 2. (a) Real-time potentiometric titration curves
12 —————————— 100 : . . for the protonation of Lg and Ly and the formation of

— Lg — Sr+lg Sr+Lg+Ly S+ the corresponding binary (M:Lg or M:Ly, 1:1) and
I ) ternary (M:Lg:Ly, 1:1:1) Sr?" complexes. Inset:

—_ Ly — +L - . . .
10 F 2 Stetly i ‘U—) 80 F il comparison of the theoretical (dashed line) and ex-
12 ;‘ [SFOH)LHJ? perimental () titration data for the ternary mixtures
r ‘5 (M:Lg:Ly, 1:1:1) at the complexation zone of the real-
41 2 60 b time potentiometric titration curve. (b) Speciation of
% the Sr>* complexes in the MLy (Lmpe = Lg + Lig;
E M:Lg:Ly, 1:1:1) system (I = 0.1 M; T = 25 °C; matrix,
4 8 40 b H,0).
o [SrHzLeLH]*
1S
S
[
1 20

VTitrant/mL pH
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— Lg — Ba+lg
— Ly — Ba+Lly
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solutions, while the M?* ions (Sr**, Mg?*, Ca®*, and Ba®") also
compete to occupy the donor site resulting in the formation of proto-
nated species. Hence, the formation of bi-protonated (IMHoLgLy14 )
species possibly occurred due to the dissociation of H* from the car-
boxyl positions of the chelators (pH =3.3; pK,; Lg: 2.59, Liy: 2.14). The
deprotonated ternary species ([MLGLy1% ) started to form at ~pH 5.0,
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Fig. 3. (a) Real-time potentiometric titration curves
for the protonation of Lg and Ly; and the formation of
the corresponding binary (M:Lg and M:Ly, 1:1) and
ternary (M:Lg:Ly, 1:1:1) Mngr complexes. Inset:
comparison of the theoretical (dashed line) and ex-
perimental (Q) titration data for the ternary mixtures
(M:Lg:Ly, 1:1:1) at the complexation zone of the real-
time potentiometric titration curve. (b) Speciation of
the Mg?* complexes in the MLy (L = Lg + Lig;
M:Lg:Ly, 1:1:1) system (I = 0.1 M; T = 25 °C; matrix,
H,0).

Fig. 4. (a) Real-time potentiometric titration curves
for the protonation of Lg and Ly and the formation of
the corresponding binary (M:Lg and M:Ly, 1:1) and
ternary (M:Lg:Ly, 1:1:1) Ca?* complexes. Inset:
comparison of the theoretical (dashed line) and ex-
perimental () titration data for the ternary mixtures
(M:Lg:Ly, 1:1:1) at the complexation zone of the real-
time potentiometric titration curve. (b) Speciation of
the Ca®* complexes in the MLy (Lympe = Lg + Lig;
M:Lg:Ly, 1:1:1) system (I = 0.1 M; T = 25 °C; matrix,
H,0).

Fig. 5. (a) Real-time potentiometric titration curves
for the protonation of Lg and Ly and the formation of
the corresponding binary (M:Lg and M:Ly, 1:1) and
ternary (M:Lg:Ly, 1:1:1) Ba2™ complexes. Inset:
comparison of the theoretical (dashed line) and ex-
perimental () titration data for the ternary mixtures
(M:Lg:Ly, 1:1:1) at the complexation zone of the real-
time potentiometric titration curve. (b) Speciation of
the Ba®>* complexes in the MLy (Lmix = Lg + Lig;
M:Lg:Ly, 1:1:1) system (I = 0.1 M; T = 25 °C; matrix,
H,0).

thereby indicating the coordination of M2™ with both the chelators via
the amino nitrogen and carboxyl oxygen positions to probably generate
five-membered chelate rings. The DFT-optimized plausible geometry of
deprotonated ternary ML, complex of M?* (Sr**, Mg?*, Ca®*, or
Ba®") is shown in Fig. 7. A complex usually tend to possess minimal
energy at the corresponding most stable state, which is indicated by the
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Fig. 7. Modeling of possible binding sites in the deprotonated ternary complex
(IMLgLy]1®-2H,0; M = Sr**, Mg?*, Ca®*, or Ba®™) using Gaussian 16W.

more negative values of Gibbs free energy of reaction (A,G) [50]. The
trend in relative stability of deprotonated ternary ML,,;, complexes of
M?* was predicted in terms of the A,G using the Gibbs free energy (G)
of each DFT-optimized molecules (Table 2).

3.3. Trend in ternary complexation behavior

The overall formation constants (10g108pqs) of the Sr**, Mg>*,

146

12

Table 2
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Fig. 6. (a) Real-time potentiometric titration curves
for the protonation of Lg and Ly and the formation of
the corresponding binary (M:Lg and M:Ly, 1:1) and
ternary (M:Lg:Ly, 1:1:1) Y' complexes. Inset:
comparison of the theoretical (dashed line) and ex-
perimental (Q) titration data for the ternary mixtures
(M:Lg:Ly, 1:1:1) at the complexation zone of the real-
time potentiometric titration curve. (b) Speciation of
the Y®* complexes in the MLy (Lmix = Lg + Lig;
M:Lg:Ly, 1:1:1) system (I = 0.1 M; T = 25 °C; matrix,
H,0).

Calculated Gibbs free energy (G) of each metal (M) and chelator (L; Lg, GLDA
and Ly, HIDS) in the simulated reaction system, and Gibbs free energy of re-
action (A,G) of the ternary MLy, complexes (M = Sr**, Mg>*, Ca®*, or Ba®>";

Lmix = Lg + Ly, 1:1)*%.

Molecule G/hartree A,G/hartree
s+ —30.334

Mg>* —0.629

Ca®* —36.441

Ba®* —25.168

Lg —1005.414

Ly —1041.062

2H,0 —152.830

[SrLgLyl®™-2H,0 —2229.801 -0.161
[MgLgLy]® ~-2H,0 —2200.163 -0.228
[CaLgLy]®~2H,0 —2235.942 —-0.196
[BaLgLy]® ™ -2H,0 —2224.532 -0.058

# Calculation results from simulation by Gaussian 16W. Method: B3LYP.
Basis sets: LanL2DZ (Sr**, Mg?*, Ca®*, or Ba®™); 6-31 G(d) (G, N, O, and H);
Solvation method: CPCM (solvent, H,0). 1 hartree = 2.62 x 10®kJmol .

> Simulation assumptions include fully-deprotonated chelators, 1:1:1 inter-
action among the M?*, Lg, and Ly, while the impact of background electrolyte
and variation in matrix pH were ignored.

Ca®*, and Ba®>" ternary complexes in the MLy, system are inversely
correlated with the corresponding drift in atomic radius (pm): Mg>*
(145) < Ca%* (194) < Sr?* (219) < Ba?* (253) [51,52]. However,
the 1og10Bpqrs values displayed a different trend: Mg®* (9.08) < Ca**
(9.43) > Sr?* (7.67) > Ba?" (7.17) (Fig. 8a). The atomic radius of
Y3* is 212 pm [52], while the ternary Y**-L,,;, displays a much higher
10g10Bpqrs value (25.26) than those of Sr**, Mg>*, Ca®", and Ba®*.
Therefore, the atomic radius concept was considered inadequate for the
comparison of the complexation behavior among the di- and trivalent
cations.

The comparative formation order of the complexes in the ML,;,
system can also be assumed using the EN,, (solution-phase electro-
negativity) scale. The ENy, concept correlates the nature of metal-
chelator bonding in solution with the electronegativity of the metal ions
for complexes with a chelator. The ENg,, values for the ions included in
the study can thus be arranged in descending order: Y3*
(2.829) > Mg?* (2.158) > Ca%* (1.862) > Sr** (1.779) > Ba?"
(1.692) [53]. This order better corresponded to the higher logioB,qrs
values of the Y**-L,,; complexes than those of the M?* -L,;, ternaries,
even though the log;ofyqrs value of Ca? "L, differed from the des-
cending periodic series trend for the divalent ions (Fig. 8b). The weaker
coordination of Mg2+ with Ly, [54] or better adoption of the Ca®* ions
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Table 3
Logarithms of the stability constants of the ternary ML, complexes (M = Sr?*,
Mg2*, Ca®*, Ba%*, and Y3 Ly = Lg + Ly, Lg, GLDA and Ly, HIDS)™".

Metal logBy,. logKmv,., logKmig, logKmi, logKwn, AlogK
Sr2t 7.67 + 0.04 2.97 3.63 4.04 4.70 -1.07
Mngr 9.08 + 0.03 3.51 3.77 5.31 5.57 —-1.80
Ca?* 9.43 + 0.01 4.38 3.55 5.88 5.05 —1.50
Ba®* 7.17 + 0.02 3.37 3.53 3.64 3.80 -0.27
Y3+ 25.26 *+ 0.01 12.51 10.51 14.75 12.75 —2.24

8 I=0.1M; T = 25°C; M:Lg:Lyg = 1:1:1; matrix, H,0.

b LogK values of the binary Sr?*, Mg2*, Ca?*, Ba%*, and Y>* complexes
with Lg and Ly (I = 0.1 M; T = 25°C; M:Lg or M:Ly = 1:1; matrix, H,O) was
reported by Begum et al. [19].

within the stereo-configuration of L, [55,56] could be a reason for
such ‘irregular’ behavior of Ca®* in the logi10Byqrs S€quence in relation
to the corresponding series of the atomic radius and ENy, of the ele-
ments.

3.4. Relative stability of the ternary complexes

The coordination and oxidation characteristics of the metal and
structural orientation of the chelator control the electrostatic and
covalent-type interaction patterns among the components in the ML,;,
system and determine the stability of the corresponding ternary com-
plexes [57]. The relative stability of the ternary complexes in the ML,;,
system, as compared to that of the corresponding binaries, can be
quantitatively and most suitably expressed in terms of AlogK [29,45].
AlogK represents the difference between the complexation constants of
the ternary and binary complexes; therefore, the derived AlogK is also a
constant [49]:

A lOgK = logKMLHL(; - IOgKMLG = IOgKMLGLH - IOgKMLH (11)

The AlogK values for the MLy, (M = Sr?*, Mg?™", Ca®*, Ba®>*, and
Y3*; Liyix = Lg + Lyy) system (Table 3) indicated the higher stabilities of
the binary complexes over those of the corresponding ternaries. The
pattern was generally attributed to the availability of more coordina-
tion positions to a metal ion for binding with the first chelator as
compared to that of the second chelator [45,47]. However, it can also
be assumed that the interaction of the component chelators with a
metal ion was mutual and both chelators act together in their corre-
sponding orientation with the same metal ion during the formation of

ternary complexes in the ML,,;, system [49]. The interaction scenario
can be expressed as:

MLg + MLy = MLgLy + M 12)

The formation pathway of the ternary complexes favor Eq. (12) if
the experimentally derived AlogK value > —0.9 [49], as observed for
the ternary complexation of Sr**, Mg?*, Ca®*, and Y3, but not for
Ba?*, with the L.

The comparison of the real-time titration curves for the M:Lg or
M:Ly (1:1) and M:Lg:Ly (1:1:1) systems indicated that deprotonation
occurred at a higher pH for the 1:1 than for the 1:1:1 interactions
(Figs. 2a, 3a, 4a, 5a, and 6a). Such a pattern also confirms the lower
stabilities of the ternary complexes compared to those of the corre-
sponding binaries; i.e., the AlogK values will be negative [48] due to the
lack of interactions outside the coordination sphere [58].

The previously reported [20,59] higher order of stability of the ML
complexes with trivalent ions over those with divalent ions has also
been observed in this work (Table 3). This tendency is attributable to
the differences in the corresponding ion size and charge that facilitate
the stronger ionic binding of the trivalent ions, compared to that of the
divalent ions, with the chelators [60].

4. Conclusion

The formation of ternary complexes with Sr**, Mg>*, Ca®*, Ba®*,
and Y3+ (M) and two biodegradable chelators (Lg and Ly;) was analyzed
using data from real-time potentiometric titrations (I = 0.10M;
T = 25 °C). The experimental potentiometric data obtained for M:Lg:Ly
(1:1:1) suggested different behavior to that observed for the M:Lg and
M:Ly (1:1) complexes. These data were fitted using different composi-
tion models to assess the relative proportion and possible speciation of
the ternary complexes and to calculate the corresponding stability
constants. The complexation trend of the ternary complexes was dis-
cussed in terms of cation ionic radii and EN;,, and the specific behavior
of Ca®>* was noted. The stability of the ternary complexes of Lg and Ly
with the divalent ions (Sr>*, Mg?*, Ca®*, and Ba®*) was relatively
lower than that of the trivalent Y>*. Moreover, the relative stability of
the ternary complexes was lower than that of the corresponding binary
complexes. The context of this study was the recovery of radioisotopes
and lanthanides from solid waste using eco-compliant chelators. Hence,
the results reveal that in terms of element-binding capacity, Lg or Ly
would be a better extractant than the mixed-chelators.
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Abbreviations

GLDA or Lg 2-[bis(carboxymethyl)amino]pentanedioic acid
HIDS or Ly 2-(1,2-dicarboxyethylamino)-3-hydroxy-butanedioic acid

EDTA 2,2/,2”7,2”-(ethane-1,2-diyldinitrilo)tetraacetic acid

DTPA 2-[bis[2-[bis(carboxymethyl)amino]ethyl]amino]acetic acid
EDDS 2-[2-(1,2-dicarboxyethylamino)ethylamino]butanedioic acid
IDSA 2-(1,2-dicarboxyethylamino)butanedioic acid

MGDA  2-[bis(carboxymethyl)amino]propanoic acid

GLEE glass electrode evaluation

HySS Hyperquad simulation and speciation

G Gibbs free energy

AG Gibbs free energy of reaction

ENgor solution-phase electronegativity
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